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ABSTRACT OF DISSERTATION

PROTEOME BASIS OF MUSCLE‐SPECIFIC BEEF COLOR STABILITY
Fresh beef color is critical to consumers’ purchase decisions, and beef color
stability is muscle‐specific. Sarcoplasmic proteome plays a critical role in beef color
stability. This dissertation focuses on the proteome basis of inter‐ and intra‐muscular
variations in beef color.
The first experiment examined the sarcoplasmic proteome of three beef muscles
with differential color stability, i.e., longissimus lumborum (LL), psoas major (PM), and
semitendinosus (ST), during wet‐aging. LL, PM, and ST (n = 8) were subjected to wet‐aging
for 0, 7, 14, and 21 days. On each aging day, steaks were fabricated, and color and other
biochemical attributes were evaluated on days 0, 3, and 6 of storage. Sarcoplasmic
proteome was analyzed using two‐dimensional electrophoresis, and differentially
abundant proteins were identified using mass spectrometry. Muscle source and aging
influenced color and biochemical attributes. Proteome analysis identified 135 protein
spots differentially abundant (P < 0.05) and indicated muscle‐specific changes during wet‐
aging. These proteins are categorized as glycolytic enzymes, proteins associated with
energy metabolism, antioxidant proteins, chaperones, and transport proteins. The results
characterized the muscle‐specific changes in sarcoplasmic proteome profile of beef
muscles during wet‐aging.
The second experiment was carried out to characterize the proteome basis for
intramuscular color stability variations in beef semimembranosus. Semimembranosus
muscles from eight carcasses (n = 8) were fabricated into color‐labile inside (ISM) and
color‐stable outside (OSM) steaks. Color attributes were evaluated instrumentally and
biochemically on 0, 2, and 4 days, and steaks frozen during fabrication were used for
sarcoplasmic proteome analysis. ISM steaks demonstrated greater (P < 0.01) abundance
of glycolytic enzymes than their OSM counterparts. Possible rapid post‐mortem glycolysis
in ISM could lead to rapid pH decline during early post‐mortem, which in turn could
compromise its color stability.

The third experiment examined the changes in color attributes and sarcoplasmic
proteome of beef ISM and OSM during wet‐aging. Semimembranosus muscles from eight
carcasses (n = 8) were subjected to wet‐aging for 0, 7, 14, and 21 days. At each aging
point, ISM and OSM steaks were fabricated, and color and other biochemical attributes
were evaluated on days 0, 3, and 6 of storage. Sarcoplasmic proteome analysis was done
using steaks frozen on day 0 and 21 of aging. The results indicated that the color
attributes of ISM and OSM steaks were influenced by aging. Aging influenced the
sarcoplasmic proteome profile of ISM and OSM, and the differentially abundant proteins
were associated with glycolysis and energy metabolism.
The fourth experiment examined the functionality of mitochondria isolated from
ISM and OSM (n = 5). Mitochondrial oxygen consumption rate (OCR) measured using
succinate as substrate (at pH 5.6, 25°C) indicated greater (P < 0.05) OCR in OSM than ISM.
The results indicated the existence of intramuscular variation in mitochondrial
functionality in beef semimembranosus. The observed differences in mitochondrial OCR
between ISM and OSM steaks could be contributing to the intramuscular color variations
in beef semimembranosus.
KEYWORDS: meat color, proteomics, muscle‐specificity, sarcoplasmic proteome,
mitochondria, color stability
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CHAPTER 1

Review of Literature

1

1.1. Introduction
Color of fresh meat is an important criterion by which consumers judge the quality
of fresh muscle foods, including red meats, poultry, and seafood. Fresh muscle foods
undergo discoloration during retail display, which can have an adverse effect on the
consumer perception of quality. Consumers often associate discoloration with spoilage,
leading to product rejection. Unfortunately, discoloration of meat can occur earlier than
the actual microbial spoilage, which forces the retailers to either discount the price of
meat or to turn the high‐value meat cuts to low‐value ground products, both resulting in
huge economic loss. Therefore, maintaining the consumer desired color for fresh meat is
critical for its marketability. It is estimated that meat industry in the United States incurs
a revenue loss of more than $1 billion annually due to discoloration‐induced price
discounts (Smith et al., 2000).
Myoglobin, a sarcoplasmic heme protein in muscle, is the major pigment
responsible for meat color in a well‐bled livestock carcass. Although other heme‐
containing proteins in meat such as hemoglobin and cytochrome influence meat color,
their relative contribution to meat color is low compared to myoglobin. These pigments
are more relevant to color in poultry, fish, and game meats than in livestock species. In
living skeletal muscles, myoglobin functions both as an oxygen‐delivery and oxygen‐
storage protein. However, in post‐mortem skeletal muscles, myoglobin serves as the
pigment responsible for the color of fresh meat.
Species, sex, breed, and age of animals can cause variations in meat color (Hunt
and Hedrick, 1977a, 1977b; Lawrie, 1998). For example, beef and lamb have a higher
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concentration of myoglobin than pork, and steers often have more myoglobin than
heifers. Moreover, meat from older animals is darker as the myoglobin concentration
increases with age. In general, red (oxidative) muscles have more myoglobin than white
(glycolytic) muscles, and are darker red in color (Seideman et al., 1984). While the
myoglobin concentration remains constant during meat storage, it can exist in different
redox forms, and the proportion of the myoglobin redox forms critically influences meat
color.

1.2. Myoglobin chemistry
Livestock myoglobin has 153 amino acids and has an average molecular mass of
17,000 Da. The exact amino acid sequence and molecular mass varies with species (Brown
and Mebine, 1969; Enoki et al., 2008; Suman and Joseph, 2013). Myoglobin is composed
of a globin polypeptide chain and a heme prosthetic group. The iron atom, located
centrally in the heme group, can exist in reduced ferrous (Fe2+) or oxidized ferric (Fe3+)
state, and coordinates six different bonds. Four of these bonds are with pyrrole nitrogen
atoms, while the fifth is with the proximal histidine (position 93) of the globin chain. The
sixth coordination site is available to bind with different ligands such as oxygen, carbon
monoxide, and water. The valence state of iron in heme and ligand present at the sixth
coordinate dictates the redox state of myoglobin (Han et al., 1970; Han et al., 1972;
Mancini and Hunt, 2005; Suman and Joseph, 2013; Suman and Joseph, 2014; Faustman
and Suman, 2017). The histidines in the globin polypeptide chain, particularly histidine 64
(distal histidine) plays a critical role in myoglobin redox chemistry through spatial
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interaction with the hydrophobic heme pocket. Yin et al. (2011) reported that the
susceptibility of mammalian and avian myoglobins to oxidation is directly proportional to
the number of histidines. Myoglobins containing 12 ± 1 histidines (beef, sheep, deer, and
horse) had greater oxidation than those with 9 histidine residues (pork, turkey, and
chicken).
Fresh meat color is determined by the concentration and relative proportions of
different redox forms of myoglobin. Myoglobin exists mainly in three redox forms (i.e.
deoxymyoglobin, oxymyoglobin and metmyoglobin), and the equilibrium between these
redox changes during the postmortem storage and retail display (Suman and Joseph,
2013; Faustman and Suman, 2017). Deoxymyoglobin occurs when no ligand is present in
the sixth coordination site and the heme iron is in ferrous state (Fe2+). It is purplish‐red in
color and is associated with color of freshly‐cut and vacuum‐packaged meat. Very low
oxygen tension is required to keep myoglobin as deoxymyoglobin. On exposure to air, the
sixth coordination site is occupied by an oxygen molecule resulting in formation of
oxymyoglobin, which gives fresh meat the consumer‐preferred cherry‐red color. This
process of myoglobin oxygenation (formation of oxymyoglobin) is often referred to as
blooming in meat industry. Oxidation of both deoxymyoglobin and oxymyoglobin yields
ferric metmyoglobin (Fe3+), which is brown in color, and has a water molecule bound at
the sixth coordinate of the ferric heme. Meat with a high proportion of metmyoglobin
have an undesirable brownish‐red color.
In living tissue, the oxymyoglobin and deoxymyoglobin forms are maintained
through the activity of metmyoglobin reductase enzymes. Reduction of metmyoglobin to
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ferrous redox forms (deoxymyoglobin and oxymyoglobin) in postmortem muscle is crucial
to meat color. Metmyoglobin reduction greatly depends on muscle’s oxygen scavenging
enzymes, reducing enzyme systems, and the NADH pool. NADH plays a vital role in
enzymatic or non‐enzymatic reduction of metmyoglobin in meat. Meat discoloration due
to surface or sub‐surface metmyoglobin formation can be minimized by regenerating the
post‐mortem NADH pool (Bekhit et al., 2003; Kim et al., 2006). Unfortunately, both
enzyme activity and the NADH pool are continually depleted as time postmortem
progresses, leading to accumulation of metmyoglobin, and thereby leading to brown
discoloration of meat. Of the two ferrous redox forms, oxymyoglobin is less susceptible
to oxidation than deoxymyoglobin, as its structure is stabilized by the presence of
molecular oxygen. Therefore, factors like low pH, high temperature, and a very low
oxygen partial pressure that cause deoxygenation make myoglobin more susceptible to
oxidation (Mancini and Hunt, 2005; Renerre, 1990). Lipid oxidation happening in muscles
during postmortem period can also promote myoglobin’s oxidation to metmyoglobin, and
can compromise meat color (Faustman et al., 2010).

1.3. Mitochondria
Mitochondria are double membrane‐bound rod‐shaped organelles considered as
the power generators of the cells, and are responsible for cellular respiration in live as
well as postmortem muscle cells. Myoglobin chemistry and mitochondrial functionality
are closely related (Ashmore et al., 1972; Tang et al., 2005a, 2005b; Wittenberg and
Wittenberg, 2007). Mitochondria remain biochemically active in postmortem muscle and
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influence the bloom development and color stability of meat by competing with
myoglobin for available oxygen and by providing reducing equivalents for metmyoglobin
reduction (Ashmore et al., 1972; Tang et al., 2005a; 2005b).
Mitochondrial respiration can outcompete myoglobin for oxygen in postmortem
muscles, thereby limiting the initial red color development (blooming) and the red color
intensity by decreasing myoglobin oxygenation. This maintains myoglobin in a deoxy‐
state and results in dark colored muscle. Furthermore, mitochondria have the ability to
influence color stability via mitochondria‐mediated metmyoglobin reducing activity
(Ramanathan et al., 2010). Tang et al. (2005a) assessed mitochondrial morphology and
function at 2 h, 6 h, and 60 d postmortem and reported that mitochondrial oxygen
consumption decreased as time postmortem increased. Further, these authors reported
that mitochondria isolated from beef cardiac muscles after 60 days of aging had less
metmyoglobin reducing activity than those isolated from 2 h postmortem. These results
indicated that mitochondrial functionality decreases with increase in postmortem storage
time and influences meat color. Therefore, factors that influence mitochondrial
functionality in postmortem muscle can also affect color. This is of particular significance
when meat is subjected to postmortem aging (storage in controlled environment) prior
to retail display. Further, Belskie et al. (2015) reported muscle‐specificity in beef
mitochondrial biochemistry, with color‐labile psoas major demonstrating rapid decrease
in mitochondrial oxygen consumption rate compared to color‐stable longissimus dorsi.
Moreover, the exposure of mitochondria to pro‐oxidants such as lipid peroxidation
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products (Tang et al., 2005c; Ramanathan et al., 2012) and inorganic iron ions (Purohit et
al., 2014) can compromise the redox stability of myoglobin.

1.4. Interactions between myoglobin and metabolites
Enhancement of fresh meat with tricarboxylic acid (TCA) cycle metabolites such as
lactate, succinate, malate, and pyruvate are known to stabilize meat color during retail
display. These metabolites are utilized by mitochondria and the enzyme systems to
replenish NADH which is subsequently used for metmyoglobin reduction (Mancini and
Hunt, 2005; Suman and Nair, 2017).
Previous research indicated that lactate enhancement can improve the color
stability of whole‐muscle beef cuts (Knock et al., 2006; Kim et al., 2006). However, the
effect of lactate on color of beef steaks is packaging‐dependent. Lactate increased the
surface redness of steaks in high‐oxygen modified atmosphere packaging, whereas it had
no effect on the redness of steaks stored in vacuum and carbon monoxide modified
atmosphere packaging (Mancini et al., 2009). Lactate can modulate the oxygen affinity of
myoglobin, and the direct covalent interaction between lactate and myoglobin was
proposed as the underlying mechanism for this adaptation (Giardina et al., 1996).
However, mass spectrometric investigations indicated absence of covalent adduct
formation between lactate and myoglobin, suggesting lack of direct interactions between
them (Mancini et al., 2010). Further investigations by Nair et al. (2014) reported that
lactate did not improve the redox stability of beef, horse, pork, and sheep myoglobins
invitro at physiological as well as meat conditions, confirming the lack of direct
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interactions between lactate and myoglobin. The improved color stability observed in
lactate‐enhanced meat could be due to regeneration of NADH through the lactate
dehydrogenase (LDH) enzyme system, which improves mitochondria‐mediated
metmyoglobin reduction (Ramanathan et al., 2010).
Another mitochondrial substrate examined with regard to beef color is succinate.
Ramanathan et al. (2011) reported that succinate enhancement increased the redness
and metmyoglobin reducing ability of beef longissimus lumborum steaks. However,
succinate enhanced steaks were darker in color compared to the controls. Further
research indicated that succinate was not effective in improving the redness of ground
beef patties (Mancini et al., 2011). Tang et al. (2005a) reported that mitochondrial oxygen
consumption rate increased with addiction of succinate. Further, Zhu et al. (2009)
reported that addition of succinate to active mitochondria increased the subsequent
metmyoglobin reduction, indicating the ability of succinate to influence mitochondrial
functionality.
Pyruvate can

also affect metmyoglobin reduction by regenerating NADH.

Addition of pyruvate improved the color stability of beef longissimus homogenates
(Mohan et al., 2010a). Moreover, pyruvate enhancement improved color stability and
lowered lipid oxidation in beef longissimus steaks during storage in aerobic and high‐
oxygen packaging (Ramanathan et al., 2011). Pyruvate enhancement also increased
oxidative stability and color stability of ground beef patties in aerobic packaging and high
oxygen modified atmospheres packaging (Ramanathan et al., 2012). Ramanathan and
Mancini (2010) reported that the addition of pyruvate to bovine mitochondria results in
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an increased oxygen consumption and electron transport‐mediated metmyoglobin
reduction by regeneration of NADH. However, absence of covalent adduction between
pyruvate and myoglobin suggested that the observed effect of pyruvate could be due to
its antioxidant effect on muscle lipids, rather than pyruvate’s direct interaction with
myoglobin (Ramanathan et al., 2012).
Another TCA cycle metabolite that can reduce metmyoglobin by participating in
pathways that regenerate NADH is malate (Saleh and Watts, 1968). Mohan et al. (2010a)
reported that malate in enhancement solutions can be utilized by malate dehydrogenase
(MDH) enzyme system to regenerate NADH for subsequent reduction of metmyoglobin.
Further research indicated that addition of malate to beef mitochondrial and cytoplasmic
isolates resulted in an increase in metmyoglobin reduction (Mohan et al., 2010b)

1.5. Muscle‐specificity in meat color
Several intrinsic (breed, sex, animal age, endogenous antioxidants, muscle source,
and pH) and extrinsic (feeding system, animal handling prior to slaughter, postmortem
aging, temperature, light, additives, antioxidants, and packaging) factors influence beef
color stability during retail display (Suman et al., 2014; Mancini and Hunt, 2005). Among
those, muscle source has received significant attention (McKenna et al., 2005; Von
Seggern et al., 2005). Muscles in a beef carcass vary in their physico‐chemical and
biochemical characteristics due to specific anatomical locations, physiological functions,
energy metabolism, and fiber type (Hunt and Hedrick, 1977). In general, muscles with
greater rate of oxygen consumption (O’Keeffe and Hood, 1982) and lower rate of
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metmyoglobin reduction (Ledward, 1985) are color‐labile, whereas muscles with greater
reducing activities are color‐stable (Reddy and Carpenter, 1991).
McKenna et al. (2005) evaluated the biochemical and physical factors affecting
color characteristics of 19 beef muscles over the course of retail display. These authors
categorized the beef muscles they examined into high‐, moderate‐, low‐, and very low
color stability groups, based on the objective measures of discoloration. Among the
muscles examined in this dissertation research, longissimus lumborum and
semitendinosus were considered as highly color‐stable, semimembranosus as moderately
color‐stable, and psoas major as color‐labile muscle. When retailed under similar
conditions, highly color‐stable muscles (e.g. longissimus lumborum) will retain the
consumer preferred redness for longer time compared to low color stability muscles (e.g.
psoas major) from the same animal. These authors also reported variations in biochemical
attributes of these muscles which can have a critical effect on meat color. Muscles of high
color stability had high nitric oxide reducing ability, high resistance to induced
metmyoglobin formation, and high oxygen penetration depth and possessed low oxygen
consumption rates and low oxidative rancidity. In contrast, muscles of low color stability
had high oxygen consumption rates, high myoglobin content, and high oxidative rancidity
and low nitric oxide reducing ability, low resistance to induced metmyoglobin formation,
and low oxygen penetration depth. Further, these authors reported that the difference in
myoglobin content does not necessarily correlate with color stability.
Muscle‐specificity in beef color was also reported by Von Seggern et al. (2005).
These authors characterized 39 different muscles from beef round and chuck and
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reported variations in objective color, expressible moisture, emulsion capacity, pH,
proximate composition, total collagen content, and total heme‐iron concentration
between these muscles. This extensive study served as the basis for muscle‐profiling
website (bovine.unl.edu), which is a widely utilized reference source to understand
physio‐chemical characteristics of individual muscles in beef carcass.
Seyfert et al. (2006) examined differences in color and metmyoglobin‐reducing
activity of psoas major, longissimus lumborum, superficial region of semimembranosus,
deep region of semimembranosus, and semitendinosus muscles over 7 days of retail
display. The longissimus lumborum and semitendinosus muscles had the highest color
stability and metmyoglobin reducing activity. The deep region of semimembranosus and
psoas major had the lowest color stability and metmyoglobin reducing activity, and values
for superficial region of semimembranosus were intermediate. These authors ranked the
muscles in the following order based on color stability: longissimus lumborum (most
stable) > semitendinosus > superficial semimembranosus > deep semimembranosus >
psoas major (least stable).
Variation in muscle fiber composition and metabolic function can also influence
the muscle specificity in meat color. In general, muscles with greater proportion of
oxidative (β‐red) fibers have greater mitochondria concentration and oxygen
consumption rate, and are more color labile than those with greater proportion glycolytic
(α‐white) fibers (Kirchofer et al., 2002). Among the muscles utilized in the current study,
semitendinosus has the greatest amount of α‐white fibers, longissimus lumborum has
slightly more α‐white than red fibers, and psoas major is mostly β‐red fibers (Hunt and
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Hedrick, 1977; Kirchofer et al., 2002; Seyfert et al., 2006). Hunt and Hedrick (1977) also
reported an intramuscular difference in muscle fiber composition of beef
semimembranosus with the inner region having a greater percentage of white fibers and
greater anaerobiosis than the outer region.
The type of packaging used also influences the muscle‐specificity in meat color.
Modified atmosphere packaging systems using differing proportions of gases such as
oxygen, nitrogen, carbon dioxide, and carbon monoxide are utilized by meat industry to
improve fresh meat color stability. Mancini et al. (2009) observed that the color
characteristics of longissimus lumborum and psoas major were influenced by difference
in packaging systems. Surface redness (a* value) of longissimus lumborum was greater
than psoas major in high‐oxygen modified atmosphere packaging, whereas the reverse
was true in vacuum and carbon monoxide modified atmosphere packaging. Similarly, Liu
et al. (2014) reported that the surface redness of longissimus steaks in high‐oxygen
modified atmosphere packaging was greater than psoas major steaks. Moreover, the red
color of steaks in carbon monoxide modified atmosphere packaging deteriorated slowly
compared to steaks in high‐oxygen modified atmosphere packaging after opening
packages. Seyfert et al. (2007) examined color attributes of five bovine muscles (psoas
major, longissimus lumborum, deep semimembranosus, superficial semimembranosus,
and semitendinosus) in modified atmosphere package containing 20% or 80% oxygen,
with and without 0.4% carbon monoxide. These authors reported that using higher
oxygen levels (80%) increased color stability and decreased variability among muscles for
all measured color attributes. In general, color stability for the muscles followed the
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order: longissimus lumborum > semitendinosus > superficial semimembranosus > psoas
major > deep semimembranosus.

1.6. Postmortem aging
Postmortem aging is a common industry practice to improve meat quality traits
such as tenderness and palatability. In retail establishments, the beef sub‐primals are
aged/stored for an average of 20 days (Guelker et al., 2013). Two commonly employed
aging methods in beef industry are dry‐aging and wet‐aging. Dry‐aging refers to storing
the whole carcasses or unpackaged primals or sub‐primals under a controlled
environment (e.g. temperature, humidity, and air flow) for a certain period of time (10 to
35 days) and can serve as a value added process to attract local customers. Dry‐aging is
typically practiced by local meat processors for upscale butcher shops and gourmet
restaurants due to its positive impact on palatability attributes, particularly flavor.
However, considerable cost is associated with dry aging due to the significant amount of
time and space required to store the carcass or sub‐primals, excessive surface drying, and
the additional trimming of the crust formed on the meat surface.
Wet‐aging is the most commonly used aging method in the United States in which
the meat is stored in vacuum‐sealed, non‐permeable package at refrigerated
temperatures. There is significantly higher yield per carcass with wet‐aging compared to
dry‐aging (Laster et al., 2008; Smith et al., 2008). Many previous research indicated that
wet‐aging could yield comparable eating quality as the dry‐aged counterparts (Dikeman
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et al., 2013; Laster et al., 2008). Smith et al. (2008) reported that consumers were unable
to determine differences between dry‐ and wet‐aged steaks during sensory analysis.
The cellular and biochemical mechanisms that govern the meat quality attributes
undergo significant changes during postmortem aging. Thus, aging can affect meat color
attributes such as bloom development and color stability. As indicated in previous
sections, the ability of meat to bloom is critically influenced by the functionality of
mitochondria as it can outcompete myoglobin for available oxygen. During blooming
deoxymyoglobin (purplish color) on the surface of freshly cut meat is converted to
oxymyoglobin (cherry‐red color) by attachment of oxygen to the sixth ligand binding site
of the heme protein. Aged meat blooms faster compared to non‐aged meat. With
increase in aging time, there is decreased competition from mitochondria for oxygen,
which can improve myoglobin oxygenation, resulting in improved blooming (Mac Dougall,
1982; Mancini and Ramanathan, 2014). The temperature at which blooming occurs also
critically influence blooming properties. Meat will bloom rapidly and more extensively at
low temperatures because of low competitive mitochondrial and enzymes activities at
low temperatures (AMSA, 2012).
Young et al. (1999) reported that aged beef longissimus lumborum required less
time for initial red color development (blooming) due to changes in oxygen consumption.
Lindahl (2011) also reported similar trend in longissimus and semimembranosus steaks,
with greater blooming with increase in postmortem aging time. Further, Lee et al. (2008a)
reported that beef gluteus medius steaks aged in vacuum for 7 and 14 days were redder
than steaks aged for 21, 28, and 35 days. This suggested that aging beyond 14 days in
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vacuum can adversely influence color and bloom development in beef gluteus medius.
However, these authors reported that aging did not affect bloom development in
longissimus thoracis steaks indicating a muscle‐specific variation in beef color and bloom
development with aging (Lee et al., 2008b). Oliete et al. (2005) reported that wet‐aging
for 7–21 days increased redness, hue, and chroma of longissimus thoracis steaks
compared to non‐aged steaks from Rubia Gallega cattle.
The color stability of fresh beef during retail display decreases with an increase in
postmortem aging time. Aging can influence the cellular mechanisms (such as reducing
enzymes, oxygen scavenging enzymes, and mitochondria) responsible for meat color,
resulting in lower color stability during subsequent retail display (King et al., 2012; English
et al., 2016). Lagerstedt et al. (2011) reported that the color stability of longissimus steaks
displayed in aerobic packaging decreased as aging time increased. Further, King et al.
(2012) compared the color attributes of beef longissimus steaks fabricated immediately
after grading and those wet‐aged for 14 and 35 days. The steaks aged for 35 days
demonstrated a rapid decline in redness than those aged for 14 days or collected
immediately after grading. These results indicated that prolonged aging is detrimental to
retail beef color stability. English et al. (2016) examined the effect of extended wet‐aging
(21, 42, or 62 days at 2°C) and modified atmosphere packaging on beef longissimus
lumborum color. As aging time increased, steaks packaged in high‐oxygen modified
atmosphere packaging had the most discoloration compared with other packaging types.
However, steaks in carbon monoxide modified atmosphere packaging had a stable red
color during display. The results indicated that aging influenced color stability in a
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packing‐specific manner, with aging being detrimental to color stability of steaks when
packaged in aerobic/oxygen‐rich packaging such as PVC and high‐oxygen packaging.
Wyrwisz et al. (2016) examined the effect of 21 day wet‐aging on color of beef
semimembranosus muscle and reported that aging increased the lightness, redness, and
chroma, and hue angle. Blooming properties of semimembranosus muscle was also
accelerated by aging; with an increase in aging time the percentage of oxymyoglobin in
muscle after 60‐minute blooming increased, whereas the percentages of deoxymyoglobin
and metmyoglobin decreased. Colle et al. (2015) examined the influence of wet‐aging (2,
14, 21, 42, and 63 days) on color of beef gluteus medius and longissimus lumborum
steaks. Surface redness of aged steaks was lower compared to non‐aged steaks (2‐day
aged steaks) by the end of display, indicating that the retail color stability was
compromised by aging. Further studies (Colle et al., 2016) utilizing biceps femoris and
semimembranosus muscles reported that the color stability of steaks decreased rapidly
after aging for 21 days, although it had a positive impact on the consumer perception of
tenderness. Ponnampalam et al. (2017) reported that extended aging of longissimus and
semimembranosus muscles from lambs resulted in a rapid reduction in redness (a* value)
and color stability (ratio of reflectance at 630/580 nm) to values below consumer
acceptable thresholds resulting in a limited shelf life.

1.7. Proteomic approaches in meat color
Proteomic approaches are widely utilized to characterize the interactions
between proteins and other biomolecules at molecular and cellular levels. In the past
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couple of decades, proteomic tools have been utilized in meat research to address the
biochemical basis of pre‐ and post‐harvest aspects of fresh meat quality, such as muscle
to meat conversion (Lametsch et al., 2002; Jia et al., 2006, 2009) tenderness (Huff‐
Lonergan et al., 2010; Laville et al., 2009; Lametsch et al., 2011; Anderson et al., 2014)
and meat color (Alderton et al., 2003; Suman et al., 2007; Joseph et al., 2012, Canto et al.,
2015; Nair et al., 2016). Several recent review articles have summarized the proteomic
approaches in elucidating the fundamental mechanisms governing meat quality
(Bendixen et al., 2005; Hollung et al., 2007; Gobert et al., 2014; Joseph et al., 2015; Picard
et al., 2015; Almeida et al., 2015; Schilling et al., 2017).
Earlier proteomic investigations of meat color focused primarily on myoglobin
chemistry, and these studies examined the interactions between myoglobin and lipid
oxidation products employing mass spectrometry. The redox state of myoglobin in the
post‐mortem skeletal muscle is influenced by its interaction with cell organelles and
biomolecules (Faustman et al., 2010; Suman and Joseph, 2013; Richards, 2013; Suman et
al., 2014; Suman and Joseph, 2014; Suman and Nair, 2017). On the other hand, recent
investigations focused on the proteome profile of skeletal muscles and its relation to meat
color.

1.7.1. Lipid oxidation‐induced myoglobin oxidation
Lipid oxidation happening in muscle foods generates a variety of secondary
reactive products, such as aldehydes and ketones (carbonyls), which are responsible for
the off‐flavors and off‐odors associated with rancidity. The processes of lipid oxidation
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and myoglobin oxidation promote each other (Baron and Andersen, 2002; Faustman et
al., 2010; Monahan et al., 1994; Yin and Faustman, 1993) and accelerate meat quality
deterioration. This principle in turn is applied in pre‐harvest aspects of meat production
to improve color and oxidative stability of fresh meats. Incorporation of vitamin E in cattle
diet minimizes lipid oxidation and improves color stability in fresh beef (Faustman et al.,
1989), and the color‐stabilizing effect of vitamin E is through its antioxidant property on
muscle lipids (Lynch et al., 1998). Several studies were undertaken using mass
spectrometric and proteomic tools to characterize the biochemical basis of lipid
oxidation‐induced oxidation in myoglobins from livestock and poultry. Hydroxynonenal
(HNE), an α, β‐unsaturated aldehyde generated by the oxidation of n‐6 polyunsaturated
fatty acids in the biological membranes (Schneider et al. 2001), has been used as a model
aldehyde to investigate lipid oxidation‐induced myoglobin oxidation.
Faustman et al. (1999) utilized electrospray ionization mass spectrometry (ESI‐MS)
to examine the effect of lipid oxidation products (i.e., HNE) on equine oxymyoglobin. The
results indicated that HNE exerted a prooxidant effect on myoglobin and formed mono‐,
di‐, and tri‐ adducts with the heme protein through Michael addition. These results
indicated that HNE accelerates equine myoglobin oxidation by forming covalent adducts.
Subsequently, extensive studies on lipid oxidation‐induced oxidation of beef myoglobin
were conducted by Alderton et al. (2003). These authors utilized liquid chromatography‐
mass spectrometry (LC‐MS) and tandem MS (MS‐MS) to characterize HNE adduction to
myoglobin and reported that the histidine residues in myoglobin are covalently adducted
by HNE. Six histidines (at positions 24, 64, 93, 116, 119 and 152) were modified by HNE,
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including the proximal (93) and distal (64) histidine residues. The proximal and distal
histidines play critical role in redox stability of myoglobin through spatial interaction with
the hydrophobic heme pocket, and HNE adduction at these residues compromises the
stability of myoglobin. Further studies examined lipid oxidation‐induced redox instability
in tuna (Lee et al., 2003a) and pork (Lee et al., 2003b) myoglobins, where in HNE adducts
with histidines were identified using ESI‐MS.
Later studies examined the molecular bases of species‐specific effect of vitamin E
on the color of beef and pork. While meat discoloration and lipid oxidation were
minimized by vitamin E supplementation in beef (Faustman et al., 1989; Chan et al., 1996),
pork color was not improved by vitamin E, although the antioxidant minimized lipid
oxidation in pork (Houben et al. 1998; Phillips et al., 2001). Suman et al. (2006) compared
HNE‐adduction in pork and beef myoglobins at pH 5.6 and 4°C (meat condition). Both
mono‐ and di‐adducts were detected in beef myoglobin, whereas only mono‐adducts
were present in pork myoglobin. Tandem MS identified four histidine adduction sites (36,
81, 88, and 152) in beef myoglobin, whereas only two histidines (24 and 36) were found
to be adducted in pork myoglobin. These results indicated that the effect of lipid oxidation
on myoglobin redox stability and meat color stability are species‐specific. Further studies
(Suman et al., 2007) examined the kinetics of preferential HNE adduction in pork and beef
myoglobin and revealed that histidine 36 was preferentially adducted in pork myoglobin,
whereas histidine 81 and 88 were the major sites of early HNE adduction in beef
myoglobin. These authors also concluded that the preferential adduction of HNE at
proximal histidine (93) observed exclusively in beef myoglobin was responsible for
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increased lipid oxidation‐induced oxidation in beef myoglobin compared to pork
myoglobin. Moreover, beef myoglobin was observed to be more susceptible to
nucleophilic attack and subsequent adduction by HNE than pork myoglobin. Together the
aforementioned studies (Suman et al., 2006, 2007) explained the fundamental bases for
why vitamin E is effective in stabilizing color of beef, but not in pork.
Lipid oxidation‐induced oxidation in poultry myoglobins were also investigated by
several researchers. Maheswarappa et al. (2009) reported that the redox stability of
chicken and turkey myoglobins was similar when challenged with lipid oxidation products
(HNE). On further investigation, Naveena et al. (2010) determined that the proximal and
distal histidines, critical to maintaining the redox stability, were adducted by HNE in
chicken myoglobin as well. The molecular basis of lipid oxidation‐induced oxidation in
ratite myoglobins was also investigated utilizing mass spectrometric tools (Nair et al.,
2014). Although emu and ostrich myoglobins share 95% sequence similarity, HNE‐
induced oxidation was greater in ostrich myoglobin compared with emu myoglobin. Mass
spectrometric data revealed that HNE adducted histidine 36 in ostrich myoglobin,
whereas histidines 34 and 36 were adducted in emu myoglobin. The results indicated that
the minor variations in the primary sequence of myoglobins could have a significant
impact on the redox stability, particularly in presence of prooxidants.
Furthermore, recent investigations by Ramanathan et al (2014) revealed than HNE
can form covalent adducts with lactate dehydrogenase (LDH), an enzyme involved
regeneration of NADH, which is a critical component in metmyoglobin reduction. Mass
spectrometric examination revealed that HNE adducts to LDH, specifically to the cysteine
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and histidine residues of LDH. The covalent binding of HNE decreased NADH formation
and metmyoglobin reduction. Their results indicated that enzymes involved in
metmyoglobin reduction can be inactivated by the secondary lipid oxidation products and
have the potential to increase beef discoloration.

1.7.2. Primary structure of myoglobins
Proteomic and mass spectrometric tools have been widely utilized to characterize
the primary structure and determine the exact molecular mass of myoglobins to detect
meat adulteration and for meat species identification (Taylor et al., 1993).
In an attempt to investigate darker color of meat from water buffalo compared to
beef, Dosi et al. (2006) characterized water buffalo myoglobin and reported that its
molecular mass is 86 Da heavier than beef myoglobin. The primary structure determined
using

a

combination

of

Edman

degradation

and

matrix

assisted

laser

desorption/ionization time‐of‐flight (MALDI‐TOF) mass spectrometry revealed that the
observed difference in molecular mass was caused by three amino acid substitutions in
buffalo myoglobin, which could affect the heme protein’s stability in post‐mortem
skeletal muscles. Similarly, sequencing of goat myoglobin using Edman degradation and
mass spectrometry revealed that goat and sheep myoglobins share 98.7% sequence
similarity, although their color attributes are different (Suman et al., 2009), which
indicated that minor variations in amino acid sequence of myoglobin can affect heme
protein’s redox stability and meat color. Further, investigations by Joseph et al. (2010)
reported that bison and beef myoglobins share 100% sequence similarity and exhibited
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similar biochemical properties (thermal stability, autoxidation, and lipid oxidation‐
induced oxidation).
Turkey myoglobin exhibits greater thermal stability than its beef counterpart
(Trout, 1989). The incomplete thermal denaturation of turkey myoglobin is considered as
the underlying reason for the occurrence of pink color defect in turkey, wherein pre‐
cooked, uncured turkey appears pink leading to consumer rejection (Holownia et al.,
2003). In an attempt to explain the biochemical basis of the pink color defect, Joseph et
al. (2010) determined the molecular mass of turkey myoglobin using MALDI‐TOF MS and
reported that it is 300–350 Da heavier than red meat myoglobins. Further studies
reported that turkey myoglobin and chicken myoglobin share 100% sequence similarity
(Joseph et al., 2011) and their sequence is significantly different from those of the red
meat myoglobins. This difference in the primary structure coupled with a greater pH in
turkey meat can increase the thermal stability in turkey myoglobin, leading to the pink
color defect in pre‐cooked turkey products.
Mass spectrometric tools also has been extensively used to characterize the
molecular mass and primary structure of myoglobins from other meat‐producing species
such as emu (Suman et al., 2010), white‐tailed deer (Joseph et al., 2012), ostrich (Dosi et
al., 2012), donkey (Dosi et al., 2012), Japanese quail (Goodson et al., 2015), and northern
bobwhite (Goodson et al., 2015). All of these studies elaborated the understanding of
myoglobin functionality and highlighted that myoglobin chemistry and meat color
stability are species‐dependent.
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1.7.3. Influence of sarcoplasmic proteome on fresh meat color
The sarcoplasmic proteome, which comprises about 30% of total muscle proteins,
plays a critical role in meat color, especially through its interaction with myoglobin. The
changes in the skeletal muscle proteome continue post‐mortem (Hollung et al., 2007) and
critically influence meat color. Proteomic tools have allowed the evaluation of the
dynamic muscle proteome and its relationship with meat color. Although the muscle
proteome could be analyzed using both gel‐free and gel‐based approaches, two‐
dimensional electrophoresis (2‐DE) has been the method of choice for protein profiling in
meat research. Usually performed under reducing and denaturing conditions, protein‐
protein interferences are minimized in 2‐DE. Another advantage of 2‐DE is that it allows
simultaneous separation and analyses of thousands of proteins based on charge (pI) and
molecular weight. Proteomic investigations in color/appearance focused on major fresh
muscle food commodities in North America such as beef, pork, chicken, and fish.

1.7.3.1. Beef
Fresh beef demonstrates muscle specificity in color stability, which affect their
retail shelf‐life (McKenna et al., 2005). Joseph et al. (2012) investigated the effect of
differential abundance of sarcoplasmic proteins on color stability of beef longissimus
lumborum (color‐stable muscle) and psoas major (color‐labile muscle) using proteomic
tools. These researchers correlated the differentially abundant proteins between these
muscles with color traits. Color‐stable longissimus lumborum demonstrated greater
abundance of metabolic enzymes (β‐enolase and triose phosphate isomerase),

23

antioxidant proteins (thioredoxin, peroxiredoxin‐2, dihydropteridine reductase, aldose
reductase, and peptide methionine sulfoxide reductase) and chaperones (heat shock
protein‐27 kDa, heat shock protein‐1 B‐70 kDa, and stress‐induced phosphoprotein‐1)
compared with color‐labile psoas major. Moreover, the proteins over abundant in
longissimus exhibited a positive correlation with redness (aldose reductase, creatine
kinase and β‐enolase) and surface color stability (peroxiredoxin‐2, dihydropteridine
reductase and heat shock protein‐27 kDa), whereas a protein over‐abundant in psoas
(mitochondrial aconitase) exhibited negative correlation with redness. The high color
stability of longissimus lumborum was attributed to the greater abundance of antioxidant
and chaperone proteins (peroxiredoxin‐2, dihydropteridine reductase and heat shock
protein‐27 kDa) compared with psoas major. The antioxidant proteins can minimize
oxidation of lipids and myoglobin, resulting in improved color stability of longissimus
lumborum. A similar study was conducted by Wu et al. (2015) to examine the relationship
between color and sarcoplasmic proteome profile of longissimus lumborum and psoas
major in Chinese Luxi yellow cattle. These authors also reported several glycolytic and
antioxidant proteins differentially expressed between longissimus lumborum and psoas
major, which could be utilized as biomarkers for color stability in Chinese Luxi yellow
cattle.
Animal‐to‐animal variations in color stability of beef longissimus lumborum has
been documented previously (King et al., 2010; King et al., 2011). Canto et al. (2015)
examined the biochemical basis of this variation using proteomic tools. The metabolic
enzymes (phosphoglucomutase‐1, glyceraldehyde‐3‐phosphate dehydrogenase and
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pyruvate kinase M2) over‐abundant in color‐stable steaks exhibited a positive correlation
with color stability. Further, these authors reported the possibility of post‐translational
modifications in myoglobin; four protein spots (with similar molecular weight, but
different isoelectric points) were identified as myoglobin suggesting possible post‐
translational modification via phosphorylation.
Marino et al. (2014) utilized proteomic tools to evaluate the effect of breed
(Romagnola × Podolian, Podolian, and Friesian) and aging time (1, 7, 14, and 21 days) on
color and sarcoplasmic proteome profile of beef longissimus muscles. Lightness (L* value)
of all the three breeds increased during aging whereas the redness (a* value) varied
according to the breed. Steaks from the Podolian and Romagnola × Podolian bulls
exhibited an increase in redness during ageing, whereas steaks from Friesian young bulls
were not affected by aging. 2‐DE investigations demonstrated extensive changes in the
sarcoplasmic proteins among breeds and with aging. The results indicated that the
abundance of proteins such as β‐enolase, creatine kinase M‐type, fructose‐bisphosphate
aldolase B, glyceraldehyde 3‐phosphate dehydrogenase, triosephosphate isomerase,
glutathione S‐transferase P, and protein DJ‐1 decreased during aging. Breed also
influenced the soluble proteome profile; proteins such as phosphoglycerate kinase 1, β‐
enolase, glyceraldehyde‐3‐phosphate dehydrogenase, fructose‐bisphosphate aldolase B,
creatine kinase M‐type, adenylate kinase isoenzyme 1, peroxiredoxin‐6, peroxiredoxin‐2,
superoxide dismutase, and histidine triad nucleotide‐binding protein exhibited
differential abundance based on the breed. The observed relationship between proteome
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changes and variations in beef quality traits suggested the potential to use these proteins
as biomarkers.
Clerens et al. (2016) performed proteomic and peptidomic analysis of four
muscles (semitendinosus, longissimus thoracis et lumborum, psoas major, infraspinatus)
from New Zealand‐raised Angus steers. Although the muscles exhibited similar 2‐DE
profile, there was significant intensity difference between many proteins, including
hemoglobin subunit beta, carbonic anhydrase 3, triosephosphate isomerase,
phosphoglycerate mutase 2, Serum albumin and beta enolase. Several of these proteins
have been previously found be correlated to meat color (Sayd et al., 2006; Joseph et al.,
2012; Canto et al., 2015), and therefore, could be utilized as muscle‐specific biomarkers
for beef color.

1.7.3.2. Pork
Investigations on pork color/appearence utilizing proteomic tools focused on the
relationship between proteome and paleness/lightness of fresh meat. Sayd et al. (2006)
utilized 2‐DE and tandem mass spectrometry to characterize sarcoplasmic proteome of
pale and dark pork meat from semimembranosus muscle. Twenty‐two proteins were
differentially expressed between the light and dark groups. Proteins related to oxidative
metabolism (HSP27, αB‐crystallin, and glucose‐regulated protein 58 kDa) were more
abundant in darker meat, whereas glutathione S‐transferase and glycolytic enzymes were
overexpressed in lighter meat. The authors suggested that the predominant oxidative
metabolism in dark muscles delays post‐mortem pH fall and offers protection against
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protein denaturation. Similarly, Hwang et al. (2005) examined the rate of post‐mortem
proteolysis and L* value (lightness) during aging in pig longissimus muscle and identified
several proteins (alpha actin, myosin light chain 1, cofilin 2, and troponin T) which were
correlated to L* value. Laville et al. (2005) examined proteome of pale, soft, and exudative
(PSE) zones in deep regions of ham (semimembranosus muscle) and reported that
creatine kinase fragments were more prominent in PSE zones, indicating a more
pronounced proteolysis. Moreover, the authors observed that the protein changes in PSE
zones resembled those induced by an acceleration of the postmortem glycogenolysis.

1.7.3.3. Chicken
Compared to red meats, limited research has been undertaken on the proteomic
aspects of color and appearance in fresh poultry. PSE meat is a major quality defect of
broiler breast. PSE occurs when carcasses at high temperature experience acidic
conditions within their muscles during rigor mortis (Solomon et al., 1998). The
combination of elevated muscle temperature and acidic pH leads to rapid breakdown of
muscle proteins, resulting in PSE meat. The increased reflectance of light on the meat
surface due to denaturation of myoglobin or its adsorption onto myofibrillar proteins
(Kauffman & Marsh, 1987) increases the paleness, which negatively impacts the product
quality and consumer acceptance (Owens et al., 2009). PSE meat tissue has poor protein
functionality and is dry and tough after cooking (Van Laack et al., 2000) leading to
economic loss for the poultry industry.
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Desai et al. (2016) examined the whole muscle proteome of normal and PSE
broiler breast meat and identified fifteen differentially abundant proteins. Actin alpha,
myosin heavy chain, phosphoglycerate kinase, creatine kinase M type, beta‐enolase,
carbonic anhydrase 2, proteasome subunit alpha, pyruvate kinase and malate
dehydrogenase were over‐abundant in PSE broiler breast, whereas phosphoglycerate
mutase‐1, alpha‐enolase, ATP‐dependent 6‐phosphofructokinase, and fructose 1, 6‐
bisphosphatase were over‐abundant in normal meat. These results indicated that the
over‐abundance of proteins involved in glycolytic pathways, muscle contraction,
proteolysis, ATP regeneration and energy metabolism in PSE breast could be related to
the quality differences between normal and PSE meat.

1.7.3.4. Fish
Fish fillet color plays an important role in a consumer’s purchase decision (Maciel
et al., 2014), and catfish fillets that deviate from the typical white flesh color are less
marketable (Kin et al., 2010; Lovell, 1984). Exposure to stress during aquaculture
practices, environmental conditions, capture, transport, and harvest can adversely affect
fish fillet quality and color. Red color defect is one such quality defect observed in channel
catfish. Myofibrillar and sarcoplasmic proteomes in normal and reddish catfish fillets were
examined to understand the biochemical basis of this quality defect (Desai et al., 2014).
The only protein that was differentially expressed between normal and reddish fillets was
hemoglobin, which had a 22‐fold greater abundance in red fillets. These results concluded
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that the red color defect in catfish fillets is primarily due to the over‐abundance of
hemoglobin.
The effects of specific ante‐mortem stressors such as oxygen concentration,
temperature, and handling on muscle proteome and instrumental quality characteristics
of channel catfish were evaluated recently (Ciaramella et al. 2016). In general, the
stressors resulted in a decrease in fillet redness and yellowness. Proteomic results
indicated that ante‐mortem stressors induced changes in structural proteins and those
involved in protein regulation and energy metabolism. The muscle metabolism shifted to
ketogenic pathways when fish was reared under hypoxic conditions. Proteomic data
suggested that the down‐regulation of structural proteins due to stress factors could be
responsible for the alterations in color and texture. These results indicated that
environmental stressors and harvest practices can affect the channel catfish muscle
proteome and ultimately the fillet color quality.

1.8. Dissertation overview
Muscles in a beef carcass demonstrate variations color attributes, and muscle‐
specificity in beef color is well documented. However, the effect of postmortem aging on
the intermuscular and intramuscular variations in beef color in relation to sarcoplasmic
proteome has not been investigated yet. We hypothesize that sarcoplasmic proteome
profile of major muscles in beef hindquarters are different, undergo differential changes
during wet aging, and influence beef color. This dissertation research examines the
proteome basis of intermuscular and intramuscular difference in beef color during
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postmortem aging. The first experiment investigated the variations in color and proteome
profile of three differentially color stable and economically important muscles
(longissimus lumborum, psoas major, and semitendinosus) in beef hindquarters during
aging. The second experiment was undertaken to identify whether differential abundance
of sarcoplasmic proteome contributes to the intramuscular variations in color stability of
beef of semimembranosus. Further, the intramuscular variations in color and proteome
profile of beef semimembranosus during aging were examined in the third experiment.
The fourth experiment investigated the intramuscular variation in mitochondrial
functionality of beef semimembranosus. Characterizing the proteome basis for muscle‐
specificity in beef quality will aid engineering muscle‐specific processing strategies (aging,
antioxidant, enhancement, and packaging) for improving beef color and to maximize the
use of individual whole‐muscle cuts.
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CHAPTER 2

Changes in the sarcoplasmic proteome of differentially color stable beef muscles
during wet‐aging
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Abstract
Beef color is a muscle‐specific trait, and sarcoplasmic proteome influences muscle‐
specific variations in beef color stability. Post‐mortem aging influences the color and
sarcoplasmic proteome of beef muscles. Nonetheless, muscle‐specific changes in
sarcoplasmic proteome of beef muscles with differential color stability during aging have
not been characterized yet. Therefore, our objective was to examine the changes in the
sarcoplasmic proteome of three differentially color stable muscles from beef
hindquarters during postmortem wet‐aging. Longissimus lumborum (LL), psoas major
(PM), and semitendinosus (ST) separated from eight (n = 8) beef carcasses (24 h post‐
mortem) were subjected to wet‐aging in vacuum packaging (2°C) for 0, 7, 14, and 21 days.
On each aging day, steaks were fabricated, and allotted to refrigerated storage (2°C)
under aerobic packaging. Samples for proteome analysis obtained during fabrication were
frozen at –80°C. Instrumental color, pH, and metmyoglobin reducing activity were
evaluated on days 0, 3, and 6 of storage. Sarcoplasmic proteome was analyzed, and
differentially abundant proteins were identified using mass spectrometry. Color
attributes and biochemical parameters were influenced by muscle source and aging (P <
0.05); LL and ST had greater (P < 0.05) surface redness than PM. Aging also influenced
surface redness, with 7‐day aged steaks demonstrating greatest values (P < 0.05).
Proteome analysis identified 135 protein spots differentially abundant (P < 0.05) between
the muscles and aging time points indicating muscle‐specific changes during aging. The
identified proteins included glycolytic enzymes, proteins associated with energy
metabolism, antioxidant proteins, chaperones, and transport proteins. Overall, the
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glycolytic enzymes were more abundant (P < 0.05) in color‐stable LL and ST compared to
color‐labile PM, and could be used as potential biomarkers for beef color.
Keywords: meat color, proteomics, muscle‐specificity, sarcoplasmic proteome, color
stability.
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2.1. Introduction
Color of fresh beef critically influences the consumers’ purchase decisions
(Mancini and Hunt, 2005; Suman et al., 2014). Discoloration adversely affects the
consumer perception of meat quality, leading to product rejection and economic loss. The
annual revenue loss for the US beef industry corresponding to surface discoloration has
been estimated to be more than $1 billion (Smith et al., 2000). Fresh meat color is
primarily determined by the concentration of myoglobin and the equilibrium of the heme
protein’s redox forms. The redox state of myoglobin is highly influenced by its interaction
with cellular organelles and biomolecules in the postmortem skeletal muscles (Faustman
et al., 2010; Suman and Joseph, 2013; Suman and Nair, 2017).
Several intrinsic (sex, endogenous antioxidants, animal age, muscle, source, and
pH) and extrinsic (postmortem aging, temperature, light, and packaging) factors influence
beef color stability (Suman et al., 2014; Mancini and Hunt, 2005). Among these factors,
muscle source received significant attention (McKenna et al., 2005; Von Seggern et al.,
2005). Muscles in a beef carcass vary in their physico‐chemical and biochemical
characteristics due to specific anatomical locations, physiological functions, energy
metabolism, and fiber type (Hunt and Hedrick, 1977). McKenna et al. (2005) categorized
beef muscles into high, moderate, low, and very low color stability based on the objective
measures of discoloration.
Postmortem wet‐aging (in vacuum packaging) is a common meat industry practice
to improve tenderness and palatability, and beef subprimals are aged/stored for an
average of 20 days in retail establishments (Guelker et al., 2013). The cellular and
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biochemical mechanisms that govern the meat quality attributes undergo changes during
postmortem aging. As aging time increases, there is decreased competition from
mitochondria for oxygen, thereby improving myoglobin oxygenation, resulting in
improved blooming (Mac Dougall, 1982; Mancini and Ramanathan, 2014). However, Lee
et al. (2008) reported that aging beyond 14 days adversely affects color in beef gluteus
medius. Aging can also influence cellular mechanisms (such as reducing enzymes, oxygen
scavenging enzymes, and mitochondria) responsible for meat color stability, resulting in
lower color stability during subsequent retail display (King et al., 2012; English et al.,
2016).
Sarcoplasmic proteins play a critical role in fresh meat color due to their ability to
interact directly with myoglobin (Renerre et al., 1996), and the role of sarcoplasmic
proteome on muscle‐specific beef color stability has been reported previously. Joseph et
al. (2012) compared the sarcoplasmic proteome of color‐stable longissimus lumborum
(LL) and color‐labile psoas major (PM), and reported differential abundance of several
proteins, including metabolic enzymes, antioxidant proteins, and chaperones. Further,
Wu et al. (2015, 2016) reported differentially abundant sarcoplasmic proteins in LL, PM,
and semitendinosus (ST) muscle from Luxi yellow cattle during postmortem storage for 0,
5, 10, and 15 days. Postmortem aging also influences the sarcoplasmic proteome, and
aging alters meat quality traits (color, pH, and water holding capacity) in beef LL by
affecting the sarcoplasmic protein patterns (Marino et al., 2014). Together these studies
indicated that muscle source and aging can affect sarcoplasmic proteome profile, which
in turn can influence meat color. Nonetheless, the muscle‐specific changes in
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sarcoplasmic proteome during wet‐aging of beef muscles has not been examined yet.
Therefore, the objective of the current study was to examine the changes in sarcoplasmic
proteome of three differentially color‐stable muscles (LL, PM, ST) from beef hindquarters
during wet‐aging.

2.2. Materials and Methods
2.2.1. Beef fabrication
Longissimus lumborum (LL), psoas major (PM), and semitendinosus (ST) muscles
were excised (24 h postmortem) from both sides of eight (n = 8) beef carcasses (USDA
Choice; A maturity) obtained from the USDA‐inspected meat laboratory of the University
of Kentucky. Each muscle was divided into two‐equal length sections, resulting in four
muscle sections per carcass. The muscle sections were vacuum packaged, and randomly
assigned to aging at 2°C for either 0, 7, 14, or 21 days. After aging, muscle sections were
fabricated into 1.92‐cm thick steaks. Abbreviations were used to indicate muscles aged
for 0‐day (LL0, PM0, ST0), 7‐day (LL7, PM7, ST7), 14‐day (LL14, PM14, and ST14), and 21‐
day (LL21, PM21, ST21). Samples for proteome analysis were collected during fabrication,
immediately vacuum‐packaged, and frozen at –80°C. Six steaks were individually placed
on Styrofoam trays, aerobically overwrapped with oxygen‐permeable polyvinyl chloride
film (15,500 − 16,275 cm3/m2/24 h oxygen transmission rate at 23°C), and were assigned
randomly for 0, 3, and 6 days of refrigerated storage (2°C) in dark (Mancini et al., 2009).
On each storage day, two steaks were utilized for evaluation of instrumental color
parameters and biochemical traits.
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2.2.2. Instrumental color
On day 0 of storage, the instrumental color attributes were evaluated after
allowing the steaks to bloom for 2 h at 2°C after fabrication, whereas on the remaining
storage days (3 and 6) the measurements were taken on the oxygen‐exposed steak
surfaces. A HunterLab LabScan XE colorimeter (Hunter Associates Laboratory, Reston, VA,
USA) with 2.54‐cm diameter aperture, illuminant A, and 10° standard observer was used
to measure CIE lightness (L*), redness (a*), yellowness (b*), hue (trueness of red), and
chroma (saturation index) values on from three random locations (AMSA, 2012). The
colorimeter was calibrated with standard black and white plates. Surface color stability
was estimated using the ratio of reflectance at 630 nm and 580 nm (R630/580) obtained
from the colorimeter readings.

2.2.3. Meat pH
The pH was measured in duplicate using an Accumet AR25 pH‐meter (Fisher
Scientific, Pittsburgh, PA, USA) after homogenizing 5 g samples in 30 mL distilled
deionized water (Strange et al.,1977).

2.2.4. Lipid oxidation
Thiobarbituric acid assay was employed for measuring lipid oxidation (Yin et al.,
1993). Representative samples (5g) taken from multiple locations were homogenized in a
Waring blender (Waring Commercial, Torrington, CT, USA) after mixing with 22.5 mL of
trichloroacetic acid (11%). The homogenate was filtered using Whatman No. 1 filter
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paper. One mL of filtrate was mixed with 1 mL of aqueous thiobarbituric acid (20 mM)
and incubated in dark at 25°C for 20 h. The absorbance of samples measured
spectrophotometrically (UV‐2401 spectrophotometer, Shimadzu Inc., Columbia, MD,
USA) at 532 nm was reported as thiobarbituric acid reactive substances (TBARS).

2.2.5. Metmyoglobin reducing activity (MRA)
The methodology described by Sammel et al. (2002) was used for evaluating MRA.
Samples from the oxygen‐exposed surface (approximately 2.5 x 2.5 x 2.5 cm cubes with
no visible fat or connective tissue) were submerged in 0.3% solution of sodium nitrite
(Sigma, St. Louis, MO) for 20 min at room temperature to facilitate metmyoglobin
formation. The samples were removed from the solution after 20 min, blotted dry to
remove the surface nitrate solution, and then vacuum packaged. The reflectance spectra
from 700 to 400 nm were recorded immediately on the light‐exposed surface using a
HunterLab LabScan XE colorimeter, and was used to calculate pre‐incubation surface
metmyoglobin values (AMSA, 2012). Each of the vacuum‐packaged samples were then
incubated at 30°C for 2 h to induce reduction of metmyoglobin. After incubation, the
reflectance data were collected again and was used to calculate post‐incubation
metmyoglobin values (AMSA, 2012). MRA was calculated using the equation: MRA = 100
x [(% pre‐incubation surface metmyoglobin – % post‐incubation surface metmyoglobin)/
% pre‐incubation surface metmyoglobin].
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2.2.6. Isolation of sarcoplasmic proteome
LL, PM, and ST samples (n = 8) frozen (–80°C) on each of the aging day (0, 7, 14,
and 21) were used for sarcoplasmic proteome isolation. Frozen muscle tissue (5 g) devoid
of any visible fat and connective tissue was homogenized in 25 mL ice‐cold extraction
buffer (40 mM Tris, 5 mM EDTA, pH 8.0) using a Waring blender (Waring Commercial,
Torrington, CT, USA). The homogenate was then centrifuged at 10,000 x g for 15 min at
4°C. The supernatant consisting of the sarcoplasmic proteome extract was filtered
(Whatman No. 1 filter paper) and utilized for subsequent analysis (Joseph et al., 2012).

2.2.7. Two‐dimensional electrophoresis (2‐DE)
The protein concentration of the sarcoplasmic proteome extract from each
sample was determined in duplicate employing Bradford assay (Bradford, 1976) using the
Bio‐Rad Protein Assay kit (Bio‐Rad, Hercules, CA, USA). The sarcoplasmic proteome (900
μg) was mixed with rehydration buffer (Bio‐Rad) optimized to 7 M urea, 2 M thiourea, 20
mM DTT, 4% CHAPS, 0.5% Bio‐Lyte 5/8 ampholyte, and 0.001% Bromophenol blue. The
mixture of sarcoplasmic proteome and rehydration buffer was loaded onto immobilized
pH gradient (IPG) strips (pH 5−8, 17 cm; Bio‐Rad) and was subjected to passive
rehydration for 16 h (Joseph et al., 2012). Protean IEF Cell system (Bio‐Rad) was used for
the first dimension isoelectric focusing, which enables the separation of proteins based
on their isoelectric point (pI). A low voltage (50 V) was applied during the initial active
rehydration for 4 h, followed by a linear increase in voltage, and a final rapid voltage
ramping to attain a total of 60 kVh.
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After isoelectric focusing, the IPG strips were equilibrated with equilibration
buffer I (6 M urea, 0.375 M Tris‐HCl, pH 8.8, 2% SDS, 20% glycerol, 2% (w/v) DTT; Bio‐Rad)
followed by equilibration buffer II (6 M urea, 0.375 M Tris‐HCl, pH 8.8, 2% SDS, 20%
glycerol, 2.5% (w/v) iodoacetamide; Bio‐Rad) for 15 min each. Separation of proteins in
the second dimension based on molecular weight was performed using 13.5% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE; 38.5:1 ratio of acrylamide
to bis‐acrylamide) by loading the equilibrated strips on to SDS gel with an agarose overlay
in a Protean II Multicell system (Bio‐Rad) using running buffer (25 mM Tris, 192 mM
Glycine, 0.1 % SDS). Gels staining was performed using with colloidal Coomassie Blue for
48 h followed by destaining 48 h or until sufficient background clearing was obtained.
Each muscle (LL, PM, or ST) during the aging days (0, 7, 14, or 21) from all the carcasses
(n =8) were analyzed in duplicate resulting in a total of 192 gels.

2.2.8. Gel image analysis
The gel images were obtained using VersaDoc imager (Bio‐Rad) and were analyzed
using PDQUEST software (Bio‐Rad). Comparisons were made for muscle‐specificity on
each day of aging and also for changes to each muscle during aging (0‐day aging sample
for each muscle was considered as control). All gel images were processed and analyzed
under similar parameters. Proteins spots identified during spot detection were
automatically matched with the spots of a master gel used as a reference. Further,
landmark spots were used to confirm spot matching across all gels and manual
verification was used to screen out artifacts or incorrectly identified spots. Relative
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volume of each spot in a gel was normalized as a percentage of the total volume of all
spots detected on the gel. A protein spot was considered to be differentially abundant
when it demonstrated 1.5–fold intensity difference between the treatments and was
associated with P < 0.05 in a pairwise Student’s t‐test.

2.2.9. Liquid chromatography‐electrospray ionization‐tandem mass spectrometry (LC–
ESI–MS/MS) analysis
For confirmation of protein identity, duplicate spots from the corresponding gels
were subjected to mass spectrometric protein identification.

The protein spots

differentially abundant between the treatments were excised from the gel and then
subjected to dithiothreitol reduction, iodoacetamide alkylation, and in‐gel trypsin
digestion. The peptides formed were extracted, concentrated and injected for nano‐LC–
MS/MS analysis using an LTQ‐Orbitrap mass spectrometer (Thermo Fisher Scientific,
Waltham, MA) coupled with an Eksigent Nanoflex cHiPLC™ system (Eksigent, Dublin, CA)
through a nano electrospray ionization source. A reversed phase cHiPLC column (75 μm ×
150 mm) operated at a flow rate of 300 nL/min was used for separation of the peptides.
Mobile phase A consisted of water with 0.1% (v/v) formic acid and mobile phase B
contained acetonitrile with 0.1% (v/v) formic acid. A 50 min gradient was applied: initial
3% mobile phase B was increased linearly to 50% in 24 min and further to 85% and 95%
for 5 min each before it was decreased to 3%, and the column was re‐equilibrated. The
mass analysis method consisted eight scan events per segment. The first scan event was
an Orbitrap MS scan (100–1600 m/z) with 60,000 resolutions for parent ions which was
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followed by data dependent MS/MS for fragmentation of the 7 most intense ions through
collision induced dissociation (CID).

2.2.10. MS/MS protein identification
The LC–MS/MS data were submitted to a local Mascot server for MS/MS protein
identification via Proteome Discoverer (version 1.3, Thermo Fisher Scientific, Waltham,
MA) against a Bos Taurus database from National Center for Biotechnology Information
(NCBI). Parameters used in the MASCOT MS/MS ion search were: trypsin digest with a
maximum of two miscleavages, cysteine carbamidomethylation, methionine oxidation, a
maximum of 10 ppm MS error tolerance, and a maximum of 0.8 Da MS/MS error
tolerance. A decoy database was built and searched. Filter settings that determine false
discovery rates (FDR) are used to distribute the confidence indicators for the peptide
matches. Peptide matches that passed the filter associated with the strict FDR (target
setting of 0.01) were assigned as high confidence. For the MS/MS ion search, proteins
with two or more high confidence peptides were considered unambiguous identifications
without manual inspection. Proteins identified with one high confidence peptide were
manually inspected and confirmed.

2.2.11. Statistical analysis
LL, PM, and ST from eight beef carcasses (n = 8) were utilized for this study. The
experimental design was a split‐split plot with muscle type (LL, PM, ST) as whole plot and
aging time (0, 7, 14, 21) as subplot. For color characteristics, display days (0, 3, 6) was set
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as a sub‐sub plot. Carcass was considered as random effect. The data were analyzed using
PROC MIXED procedure of SAS Version 9.4 (SAS Institute Inc.), and the difference in means
were detected using the least significant difference (LSD) at 5% level.

2.3. Results and Discussion
2.3.1. Instrumental color and biochemical attributes
There was no aging x muscle x storage interaction (P = 0.4422; Table 1) for
lightness (L* value). Muscle‐specificity (P < 0.0001) was observed for lightness, with ST
having greatest (P < 0.0013) lightness, whereas LL and PM exhibited similar lightness (P =
0.2399). In agreement, muscle‐specificity in lightness has been reported previously in
beef (McKenna et al., 2005; Joseph et al., 2012, Canto et al., 2016). Overall, aging resulted
in an increase (P < 0.0001) in lightness of the muscles in the present study. In partial
agreement, Marino et al. (2014) reported that aging for 21 days resulted in an increase in
lightness of beef longissimus dorsi. However, 7‐day aged steaks had similar lightness as
14‐day (P = 0.3778) and 21‐day aged steaks (P = 0.8034), and the 14‐day aged and 21‐day
aged steaks had similar lightness (P = 0.2594) in the present study; thus aging beyond 7‐
days did not markedly increase the lightness. In contrast, English et al. (2016) reported
that L* values increased in beef LL aged for 62 days compared to the LL counterparts aged
for 21 days.
Surface redness (a* value) of LL, PM, and ST during storage after aging for 0, 7, 14,
and 21 days is presented in Table 2. There was no aging x muscle x storage interaction (P
= 0.5440). However, aging, muscle source, and storage days influenced surface redness
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(P < 0.0001). Surface redness of steaks decreased with storage (P < 0.0001). Redness was
influenced by aging, with greatest (P < 0.0001) redness observed for the 7‐day aged
steaks. However, there was no difference in redness between 14‐day and 21‐day aged
steaks (P = 0.6605). Similarly, Lee et al. (2008) reported higher percentage of
oxymyoglobin and redness in gluteus medius steaks aged for 7 and 14 days compared to
steaks aged for 21, 28, and 35 days. Further, English et al. (2016) reported that longissimus
steaks aged for 62 days had lower initial (day 0) redness than steaks aged for 21 days.
Among the muscles, LL had greater redness than PM (P < 0.0001), whereas it had
similar redness to ST (P = 0.1625). ST also demonstrated greater (P = 0.0002) redness than
PM. These results reconfirmed the previously reported muscle‐specific difference in
redness of fresh beef. In agreement, McKenna et al. (2005) observed no difference in
redness of LL and ST during retail display, whereas PM demonstrated a lower redness
than the LL and ST. On the other hand, Seyfert et al. (2006) reported that the color stability
of these muscles during retail display followed the order: LL (most stable) > ST > PM (least
stable). Furthermore, Joseph et al (2012), Wu et al. (2016), and Canto et al. (2016)
reported greater redness in LL compared to PM in Bos taurus, Chinese Luxi yellow cattle,
and Nellore bulls respectively. Aging x storage (P < 0.0001) and muscle x storage (P <
0.0001) interactions were observed for the a* value. Aged steaks (7, 14, or 21 day) had
greater (P < 0.0001) initial redness (on day 0 of storage) compared to steaks that were
not aged. In support, Mancini and Ramanathan (2014) reported that extended aging
improved redness of steaks when exposed to oxygen. Aging can deplete mitochondrial
substrates in the postmortem muscle, thereby limiting mitochondrial functionality. A
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lower mitochondrial functionality means less competition for myoglobin for the available
oxygen, resulting in better oxygen penetration to muscle tissue, leading to a better
bloomed color on day 0 of storage (Mancini and Ramanathan et al., 2014).
Surface yellowness (b* value; Table 3), hue (trueness of red; Table 4) and chroma
(saturation index; Table 5) were also influenced by aging, muscle source, and storage (P <
0.05). However, a three‐way interaction (aging x muscle x storage) was not observed (P >
0.05) for any of these parameters.
Ratio of reflectance at 630 nm and 580 nm (R630/580) is used as an indirect
estimate of meat surface color stability. A greater ratio indicates greater color stability
and lower metmyoglobin content. There was no aging x muscle x storage interaction (P =
0.8799; Table 6) for R630/580. However, aging, muscle source, and storage days
influenced the surface color stability (P < 0.0001). The muscles followed the order LL > ST
> PM for the color stability, in agreement with categorization of these muscle as color‐
stable, intermediately color‐stable, and color‐labile respectively, and is also in agreement
with previous research (McKenna et al.,2005, Joseph et al., 2012). R630/580 values
decreased with storage as expected, because the surface redness and color stability
decreases due to accumulation of metmyoglobin. Aging also influenced (P < 0.0001) the
surface color stability, with 7‐day aged steaks having the highest (P < 0.05) R630/580
value, whereas 0‐day aged, 14‐day aged, and 21‐day aged steaks demonstrated similar (P
> 0.05) surface color stability.
Metmyoglobin reducing activity (MRA) indicates the ability of meat to reduce
ferric metmyoglobin to ferrous redox forms (deoxy‐ or oxymyoglobin). A higher value
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indicates that the muscle has a greater inherent ability to reduce metmyoglobin, thereby
improving the meat color stability during retail display. There was an aging x muscle x
storage interaction (P = 0.0351; Table 7) for MRA. However, MRA was not altered by aging
for 21 days (P = 0.0973). In contrast, previous research indicated that extended aging (for
42 or 62 days) decreased MRA probably due to the depletion of reducing enzymes and
mitochondrial substrates (English et al., 2016). The observed differences in MRA between
our study and the previous research could be attributed to difference in the length of
aging time (21 vs 42 or 62). Mitochondria are important organelles that play a critical role
in MRA, and its depletion over aging time can decrease MRA. Tang et al. (2005) reported
that mitochondria isolated from beef cardiac muscles after 60 days of aging had less MRA
than those isolated 2 h postmortem.
MRA was muscle‐specific, with PM having the lowest (P < 0.0001) value, whereas
LL and ST had similar (P = 0.0793) values. Previous research (Joseph et al., 2012; Canto et
al., 2016) also indicated greater MRA for LL steaks compared to PM ones. The MRA results
are also in agreement with the surface redness (a* value) and color stability (R630/580)
data. An interesting observation in the current study was the increase (P < 0.05) in MRA
of PM on day 6 of storage compared to day 3 of storage in 7‐day, 14‐day, and 21‐day aged
steaks (Table 7). However, this pattern was not observed in LL and ST. The observed
variations in MRA during later stages of storage could be a muscle‐specific change
happening in PM steaks. One possible hypothesis to explain this observation is that the
combination of prolonged aging and storage in an already color‐labile muscle (PM) could
have led to degradation of mitochondria towards the end of storage, releasing more
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mitochondrial enzymes, which could potentially improve MRA, without a concomitant
increase in the surface redness.

Nonetheless, we did not evaluate mitochondrial

degradation to confirm this hypothesis. In partial support, muscle‐specificity in
mitochondrial functionality has been reported previously, with mitochondria from PM
having lower mitochondrial MRA and oxygen consumption rate (OCR) after storage for 7
days compared to mitochondria from longissimus dorsi (Belskie et al., 2015).
The effect of aging and muscle source on pH and lipid oxidation (TBARS) during
storage for 6 days are presented in Tables 8 and 9 respectively. Although the numerical
differences in pH were small (LL = 5.28; PM = 5.38; ST = 5.32), there was a muscle‐
specificity (P < 0.0001) in pH values. Further, a slight increase (P < 0.0001) in pH (5.31 on
0‐day of storage vs 5.36 on 6‐day of storage) was observed during storage and aging (5.32
on 0‐day of aging vs 5.37 on 21‐day of aging). In contrast, loin sections aged for 42 and 62
days had lower pH compared with loin sections aged for 21 days (English et al., 2016).
Muscle‐specificity in pH has been reported before, with PM having greater pH than LL in
Bos taurus (Joseph et al., 2012) and Nellore bulls (Canto et al., 2016). Seyfert et al. (2006)
also reported muscle‐specificity in pH, with PM having highest value followed by ST, and
LL having the lowest value. However, the observed difference in pH between muscles
during aging and storage is numerically small and is likely not of practical importance.
There was no three way aging x muscle x storage interaction (P = 0.9608; Table 9)
for lipid oxidation. However, lipid oxidation increased with aging (P < 0.0001) and storage
(P < 0.0001). Muscle‐specificity in lipid oxidation was also observed (P = 0.0257), with LL
having lower TBARS values than PM and ST. Lipid oxidation products can directly interact
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with myoglobin and increase its susceptibility to oxidation, thereby decreasing the surface
redness and color (Faustman et al., 2010).

2.3.2. Sarcoplasmic proteome analyses
The summary of differentially abundant sarcoplasmic protein spots identified by
image analysis is presented in Table 10. Eighty‐six protein spots were detected to be
differentially abundant between LL, PM, and ST indicating muscle‐specific changes during
wet‐aging. Aging‐related changes in the proteome of each muscle was examined using 0‐
day aged sample from each muscle as control. A total of 49 protein spots were identified
to be differentially abundant with aging (14 protein spots in LL, 17 protein spots in PM,
and 18 protein spots in ST). These results indicated that the changes occurring in
sarcoplasmic proteome of beef hindquarter muscles (LL, PM, and ST) are muscle‐ and
aging‐specific in nature (Tables 11 to 16). Multiple protein spots were identified as the
same protein in mass spectrometric analyses. These protein spots had similar molecular
weights, but different isoelectric points (pI), which could be attributed to the existence of
different isoforms and possible post‐translational modifications such as phosphorylation
(Canto et al., 2015; Anderson et al., 2014). Phosphorylation can shift the isoelectric point
of the proteins with minimal or no change in molecular weight, and could be indicative of
the functional status of the proteins.
Proteins differentially abundant between LL, PM, and ST on day 0 of aging is
presented in Table 11. Serum albumin, creatine kinase M‐type, and myoglobin were
differentially abundant (P < 0.05) between LL0 and PM0, whereas phospoglucomutase‐1,
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serotransferrin, glyceraldehyde‐3‐phosphaste dehydrogenase, and beta‐enolase were
differentially abundant (P < 0.05) between LL0 and ST0. Proteins differentially abundant
(P < 0.05) between PM0 and ST0 included serotransferrin, creatine kinase M‐type,
glyceraldehyde 3‐phosphate dehydrogenase, myoglobin, superoxide dismutase and L‐
lactate dehydrogenase A.
Muscle‐specific changes in the sarcoplasmic proteome of 7‐day aged samples is
presented in Table 12. The differentially abundant (P < 0.05) proteins included heat shock
cognate protein, serum albumin, triosephosphate isomerase, creatine kinase M‐type,
myoglobin, beta‐enolase, and superoxide dismutase. Proteins differentially abundant (P
< 0.05) between 14‐day aged LL, PM, and ST (Table 13) included mitochondrial heat shock
protein, cytoplasmic malate dehydrogenase, beta‐enolase, aldehyde dehydrogenase,
phosphoglucomutase‐1, glycerol‐3‐phosphate dehydrogenase, creatine kinase M‐type,
serotransferrin, and glyceraldehyde‐3‐phosphate dehydrogenase. After 21‐day aging
(Table 14), the differentially abundant (P < 0.05) proteins included serum albumin,
creatine kinase M‐type, triosephosphate isomerase, heat shock protein, L‐lactate
dehydrogenase A, stress‐induced‐phosphoprotein 1, glyceraldehyde‐3‐phosphate
dehydrogenase, and mitochondrial malate dehydrogenase.
Proteins identified to be differentially abundant in LL, PM, and ST during aging are
presented in Tables 15 to 17. The proteins identified in LL included adenylate kinase
isoenzyme 1, myoglobin, heat shock cognate protein, beta‐enolase, alanine
aminotransferase 1, phosphoglucomutase‐1, creatine kinase M‐type, alpha‐enolase,
cytoplasmic malate dehydrogenase, and glyceraldehyde‐3‐phosphate dehydrogenase
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(Table 15). The differentially abundant proteins were glycolytic enzymes or associated
with energy metabolism. Seventeen proteins spots were detected to be differentially
abundant between PM muscles during postmortem aging (Table 16). The proteins
identified through mass spectrometry were superoxide dismutase, beta‐enolase, creatine
kinase M‐type, serotransferrin, creatine kinase M‐type, myoglobin, ATP synthase,
mitochondrial heat shock protein, glyceraldehyde‐3‐phosphate dehydrogenase, serum
albumin. In ST, 18 proteins spots were detected as differentially abundant (P < 0.05)
during aging. These spots were identified as protein deglycase DJ‐1, aldose reductase,
alpha‐enolase, myoglobin, glyceraldehyde‐3‐phosphate dehydrogenase, creatine kinase
M‐type, alpha‐crystallin B, polyubiquitin‐C, beta‐enolase, adenylate kinase isoenzyme 1.
Previous proteomic investigations have also reported differential abundance of
sarcoplasmic proteins between muscles in the beef carcass. Joseph et al. (2012) compared
the sarcoplasmic proteome profile of beef LL and PM, and attributed the greater color
stability of LL to the greater abundance of metabolic enzymes, antioxidant proteins, and
chaperones compared to color‐labile PM. Similarly, Wu et al. (2016) reported several
glycolytic and antioxidant proteins to be differentially abundant in LL and PM during
postmortem storage (15 days) in Chinese Luxi yellow cattle. Clerens et al. (2016)
performed proteomic and peptidomic analysis of four muscles (LL, PM, ST, and
infraspinatus) from New Zealand‐raised Angus steers and reported significant intensity
differences between many proteins, including hemoglobin subunit beta, carbonic
anhydrase 3, triosephosphate isomerase, phosphoglycerate mutase 2, serum albumin
and beta enolase. Marino et al. (2014) demonstrated that aging for 21 days influenced
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the sarcoplasmic proteome profile of beef LL in Romagnola × Podolian, Podolian, and
Friesian cattle, with the abundance of proteins such as β‐enolase, creatine kinase M‐type,
fructose‐bisphosphate aldolase B, glyceraldehyde 3‐phosphate dehydrogenase,
triosephosphate isomerase, glutathione S‐transferase P, and protein DJ‐1 decreasing
during aging.

2.4. Functional roles of differentially abundant proteins
The proteins that are differentially abundant between the muscles during aging
could be categorized mainly as: (1) glycolytic enzymes (2) proteins related to energy
metabolism (3) antioxidant proteins (4) chaperones and (5) transport proteins.

2.4.1. Glycolytic enzymes
The glycolytic enzymes that were differentially abundant between the treatment
groups

included

triosephosphate

isomerase,

glyceraldehyde‐3‐phosphate

dehydrogenase, enolase (alpha and beta), and phosphoglucomutase‐1. In general, the
glycolytic enzymes were more abundant (P < 0.05) in LL and ST compared to PM. The
greater abundance of glycolytic enzymes in these muscles could be a reflection of the
inherent differences in their muscle fiber types. LL and ST are considered as glycolytic
muscles, whereas PM is considered as an oxidative muscle (Hunt and Hedrik, 1977;
Kirchofer et al., 2002). However, we also observed differential abundance of glycolytic
enzymes within the same muscle during aging. LL0 had lower abundance (P < 0.05) of
glycolytic enzymes (enolase, phosphoglucomutase‐1) compared to LL14 and LL21, except
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that of glyceraldehyde‐3‐phosphate dehydrogenase which was of greater abundance (P
< 0.05) in LL0 (Table 15). However, the differentially abundant glycolytic proteins due to
aging did not demonstrate any specific trend in PM and ST (Tables 16 and 17). These
results indicated that the postmortem degradation of glycolytic enzymes during aging is
muscle‐specific.
Among the glycolytic enzymes, triosephosphate isomerase catalyzes the
interconversion of glyceraldehyde 3‐phosphate and dihydroxyacetone phosphate (Albery
& Knowles, 1976). Further, glyceraldehyde‐3‐phosphate dehydrogenase catalyzes the
reversible

conversion

of

glyceraldehyde‐3‐phosphate

and

NAD+

to

1,3‐

bisphosphoglycerate and NADH (Kim & Dang, 2005). Enolase, expressed as 2 isozymes
(alpha and beta), is involved in the conversion of 2‐phosphoglycerate to
phosphoenolpyruvate, the ninth and penultimate step of glycolysis (Hoorn et al., 1974).
Alpha enolase is ubiquitously expressed in tissues, whereas beta‐enolase is found most
abundantly in skeletal muscle tissue. Phosphoglucomutase‐1 is involved in generating
glucose‐ 6‐phosphate from glycogen stores to be used for glycolysis and energy
production (Cori et al., 1938). Although, phosphoglucomutase is not an enzyme in one of
the 10 steps of glycolysis, we categorized this protein with glycolytic enzymes because
glucose‐6‐phosphate (the common end product of glycogenolysis happening during the
postmortem period) is a metabolite of the glycolytic pathway which can be converted to
fructose 6‐ phosphate by phosphofructokinase. Interestingly, the rate‐limiting glycolytic
enzymes (phosphofructokinase, hexokinase, and pyruvate kinase) were not detected to
be differentially abundant in the present study.
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Previous proteomic research has reported differential abundance of glycolytic
enzymes between beef muscles (LL vs. PM; Joseph et al., 2012) and within the same
muscle (LL) from different carcasses exhibiting differential color stability (Canto et al.,
2015). The glycolytic metabolism can stimulate production of NADH and pyruvate in
postmortem skeletal muscles. NADH is an important cofactor in enzymatic and non‐
enzymatic metmyoglobin reduction, whereas pyruvate is a mitochondrial substrate that
promotes NADH regeneration (Ramanathan & Mancini, 2010). The greater abundance of
glycolytic enzymes in muscles with greater color stability (LL and ST) compared to color‐
labile muscle (PM) in the current study indicated that these muscles have greater capacity
to regenerate NADH for subsequent metmyoglobin reduction, thereby stabilizing beef
color. Therefore, future research should focus on these differentially abundant glycolytic
enzymes to clearly understand their functional roles in postmortem muscles governing
meat color.

2.4.2. Proteins related to energy metabolism
Creatine kinase M‐type, L‐lactate dehydrogenase A, malate dehydrogenase
(cytoplasmic and mitochondrial), glycerol‐3‐phosphate

dehydrogenase, alanine

aminotransferase 1, aldehyde dehydrogenase (mitochondrial), ATP synthase, and
adenylate kinase isoenzyme 1 were the enzymes/proteins related to energy metabolism
that were differentially abundant (P < 0.05) between the treatment groups. Similar to the
glycolytic enzymes, in general, these proteins were more abundant in LL and ST compared
to PM through the aging days (Tables 11 to 15). As mentioned earlier, this could be a
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reflection of the inherent differences in fiber composition of these muscles. There were
no metabolic enzymes differentially abundant (P > 0.05) between LL and ST on 0 and 7‐
day aging. LL14 had more cytoplasmic malate dehydrogenase than ST14 (Table 13),
whereas ST21 had more lactate dehydrogenase than LL21 (Table 14). These results
indicated that LL and ST had very similar energy metabolism during the postmortem
period, whereas PM differed significantly.
Metabolic proteins were differentially abundant within muscles during aging (P <
0.05; Tables 15 to 17). In general, these proteins were more abundant in aged samples
compared to non‐aged samples, except in PM. In PM, creatine kinase M‐type was more
abundant (P < 0.05) in PM0 compared to PM7, whereas mitochondrial ATP synthase was
more abundant (P < 0.05) in PM14 compared to PM0 (Table 16), which suggested that
sarcoplasmic proteome of PM behaves differently than LL and ST during postmortem wet‐
aging.
Creatine kinase M‐type is a metabolic enzyme that plays a critical role in
maintaining the ATP–ADP levels during immediate postmortem period by catalyzing the
interconversion of ADP and phosphocreatine to generate ATP and creatine. In
postmortem muscles, depletion of ATP due to anoxia leads to the utilization of
phosphocreatine to produce ATP and creatine. Previous studies have indicated that
creatine can also act as an antioxidant by scavenging the free radicals (Sestili et al., 2011;
Lawler et al., 2002). Creatine kinase M‐type was more abundant (P < 0.05) in LL and ST,
and these muscles had better color stability compared to PM. In agreement, previous
research has indicated that fast‐twitch muscles with higher activity of glycolytic enzymes
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has greater creatine kinase content that the oxidative muscles (Okumura et al., 2005).
Moreover, previous proteomic investigations have reported a greater abundance of
creatine kinase M‐type in color‐stable muscles compared to color‐labile beef muscles
(Nair et al., 2016; Canto et al., 2015; Joseph e al., 2012)
Cytoplasmic malate dehydrogenase was more abundant (P < 0.05) in LL14
compared to PM 14 and ST14 (Table 13), and in LL0 when compared to LL21 (Table 15).
Mitochondrial malate dehydrogenase was of greater abundance (P < 0.05) in ST21
compared to PM21 (Table 14). Cytoplasmic malate dehydrogenase is responsible for
shuttling NADH across the mitochondrial membrane via the malate‐aspartate shuttle
whereas mitochondrial malate dehydrogenase is a principal enzyme of the citric acid cycle
(operated within mitochondria) which catalyzes the conversion of oxaloacetate and
malate utilizing the NAD/NADH coenzyme system (Minarik et al., 2002). Mohan et al
(2010a, 2010b) reported that malate decreases metmyoglobin formation in beef muscle
homogenates by generating NADH utilizing the malate dehydrogenase enzyme system,
which is subsequently used for metmyoglobin reduction. The differential abundance of
these enzymes indicate that different muscles during aging could differ in their response
to malate enhancement.
Glycerol‐3‐phosphate dehydrogenase was more abundant (P < 0.05) in LL14 when
compared to PM14 (Table 13). This enzyme is integral to the conversion of triglyceride‐
derived glycerol into glyceraldehyde‐3‐phospate, which then enters the glycolytic
pathway. This process can generate NADH, which in turn is utilized for metmyoglobin
reduction. Alanine aminotransferase 1 found in greater abundance (P < 0.05) in LL14
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during aging (Table 15) is a cytoplasmic enzyme catalyzing the reversible transamination
between alanine and 2‐oxoglutarate to form pyruvate and glutamate. This enzyme is
generally associated with liver health, and its role in meat quality is yet to be clearly
understood.
L‐Lactate dehydrogenase A was more abundant (P < 0.05) in PM0 when compared
with ST0 (Table 11), and in ST21 when compared with LL21 (Table14). During aging, ST21
had greater (P < 0.05) lactate dehydrogenase compared to ST0 (Table 17). L‐Lactate
dehydrogenase catalyzes the inter‐conversion of L‐lactate and pyruvate with concomitant
inter‐conversion of NAD+ and NADH. Kim et al. (2006) reported that lactate enhancement
promotes color stability of beef LL through increased lactate dehydrogenase activity and
suggested that the NADH could be utilized to reduce metmyoglobin. Further, Ramanathan
et al. (2010) also reported that NADH generated by lactate dehydrogenase can be used
for metmyoglobin reduction through electron‐transport‐mediated pathways and
reductase mediated pathways. The results of the aforementioned studies (Kim et al.,
2006; Ramanathan et al., 2010) study suggested that the muscles with a greater
abundance of lactate dehydrogenase could be better responsive to lactate enhancement
for stabilizing meat color. Differential abundance of lactate dehydrogenase observed in
the present study indicated that lactate‐enhancement could be employed as a muscle‐
and aging‐specific strategy for color stabilization.
Aldehyde dehydrogenase (mitochondrial; ALDH2) is an enzyme located in the
mitochondrial matrix catalyzing the oxidation of acetaldehyde (produced from ethanol)
into acetate in a reaction coupled with NAD+ reduction (Jelski and Szmitkowski, 2008). It
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was detected in greater abundance (P < 0.05) in LL14 compared to PM14 (Table 13). ATP
synthase was identified to be more abundant (P < 0.05) in PM14 when compared to PM0
(Table 16).

This enzyme catalyzes ATP synthesis in mitochondria using ADP and

phosphate driven by the electron transport chain. The presence of these mitochondrial
proteins in the sarcoplasmic proteome could be indicative of the muscle‐specific
degradation of mitochondria during postmortem aging. Adenylate kinase isoenzyme 1
catalyzes the reversible conversion of ADP to ATP (Heil et al., 1974). This enzyme was
more abundant (P < 0.05) in LL7 and ST7 compared to LL0 and ST0 respectively (Table 15
and 17), and the 7‐day aged steaks had greater surface redness that non‐aged steaks
(Table 2). In contrast, Canto et al. (2015) reported greater abundance of the adenylate
kinase isoenzyme 1 in color‐labile LL muscles compared to color‐stable LL counterparts
aged for 13 days. This observed variation could be a result of the difference in aging days.
However, the exact mechanism through which this enzyme might influence meat color is
not clearly understood.

2.4.3. Antioxidant proteins
Superoxide dismutase scavenges superoxide anions by forming hydrogen
peroxide (Aebi 1974; Mercier et al., 2004). Two types of superoxide dismutase were
identified as differentially abundant between the treatment groups. Mitochondrial
superoxide dismutase [Mn] (SOD2) was more abundant (P < 0.05) in PM0 compared to
ST0 (Table 11). SOD2 is generally located in the mitochondrial matrix, and its presence in
sarcoplasm could be a result of the protein’s disassociation from mitochondria in
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postmortem muscles. The greater abundance of SOD2 in PM0 than in ST0 suggests that
the integrity of mitochondria in PM and ST early postmortem are different and that this
protein could be utilized as a potential indicator of mitochondrial damage. Superoxide
dismutase [Cu‐Zn] (SOD1) was detected in greater abundance (P < 0.05) in PM7 compared
to PM0 and ST7 (Tables 12 and 16). In postmortem muscles, superoxide dismutase acts in
conjunction with catalase to limit lipid oxidation. The catalase enzymes reduce hydrogen
peroxide formed by superoxide dismutase to water and oxygen (Aebi, 1974). However, in
the present study catalase was not detected among the differentially abundant proteins.
In general, oxidative muscles (such as PM) have greater activities of superoxide dismutase
and catalase than glycolytic muscles (Terevinto et al., 2010). Renerre et al. (1996)
reported that the increase in the activities of the antioxidant enzymes of color‐labile
muscles such as PM and diaphragm could be a positive feedback mechanism in to the
increased oxidative stress in such muscles during the postmortem period.

2.4.4. Chaperones
Heat shock cognate protein (71 kDa), heat shock protein (70 kDa), mitochondrial
heat shock protein (60 kDa), stress‐induced‐phosphoprotein 1, alpha‐crystallin B, and
protein deglycase DJ‐1 were the chaperone proteins identified to be differentially
abundant (P < 0.05). Heat shock cognate protein (71 kDa) is a repressor of transcriptional
activation and can act as a molecular chaperone. It was more abundant (P < 0.05) in LL7
(in comparison with PM7 and ST7; Table 12) and in LL14 (in comparison with LL0; Table
15). However, heat shock protein (70 kDa) was more abundant (P < 0.05) in LL21 than

58

ST21 (Table 14). This protein prevents protein aggregation in cytosol in combination with
other chaperones. Mitochondrial heat shock protein (60 kDa) is responsible for the
correct folding of imported proteins to the mitochondrial matrix. In general, it was
detected in increased abundance in aged PM samples (in PM 14 compared to LL14, ST14,
and PM0; in PM21 compared to ST21; Tables 13, 14, and 16), indicating a greater
mitochondrial damage in PM during aging.
Stress induced‐phosphoprotein 1 which was more abundant (P < 0.05) in PM21
compared to ST21 (Table 14) functions as a co‐chaperone by linking and modulating heat
shock protein 70 and heat shock protein 90 (Odunuga et al., 2004). Alpha‐crystallin B has
chaperone‐like activity, preventing aggregation of various proteins under stress
conditions. This protein was more abundant (P < 0.05) in ST0 compared to ST7 (Table 17).
Protein deglycase DJ‐1 protects cells against oxidative stress and cell death by acting as
an oxidative stress sensor, redox‐sensitive chaperone, and protease. The protein was
more abundant in ST7 compared to ST0 (Table 17), and has been previously identified to
be differentially abundant in sarcoplasmic proteome in relation to meat color (Joseph et
al., 2012; Wu et al., 2016), tenderness (Jia et al., 2009), and water holding capacity (Hwang
et al., 2005). In general, chaperone proteins can prevent protein aggregation and protein
denaturation occurring during the muscle‐to‐meat conversion (Sayd et al., 2006).
Previous research by Joseph et al. (2012) reported that stress‐induced phosphoprotein 1
was positively correlated to color stability in beef LL steaks. However, the specific role of
chaperone proteins in meat color stability remains unclear.
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2.4.5. Transport proteins
Myoglobin, serum albumin, and serotransferrin were the transport proteins
differentially abundant between the treatments. Biochemical analyses using
spectrophotometry also indicated variations in myoglobin concentration among the beef
muscles (data not presented; P < 0.0001); PM had the greatest myoglobin concentration
(5.54 mg/g), followed by LL (4.35 mg/g), and ST (4.05 mg/g). Sarcoplasmic proteome
profiling also confirmed this muscle‐specificity in myoglobin concentration. PM on 0‐day
and 7‐day aging had greater (P < 0.05) abundance of myoglobin in the sarcoplasmic
proteome than LL and ST on the same days (Table 11 and 12). However, sarcoplasmic
proteome analysis did not detect a difference in myoglobin concentration between
muscles on 14‐day and 21‐day aging. Myoglobin abundance in the sarcoplasmic proteome
was also influenced by aging, with LL7, PM7, and ST7 having greater (P < 0.05) abundance
of myoglobin compared to their 0‐day aged counterparts (Tables 15 to 17). This
observation coincides with the greatest redness observed in steaks after 7‐day aging
(Table 2). The differential abundance of myoglobin in sarcoplasmic proteome observed in
the current study could be either due to a difference in the total concentration of
myoglobin or due to post‐translational modification of the heme protein. Previous studies
have reported that myoglobin isoforms (potentially due to protein phosphorylation) vary
between color‐stable and color‐labile LL muscles (Canto et al., 2015). Further research
would be valuable in understanding the relationship between myoglobin phosphorylation
and beef color stability.
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Serum albumin can function as a transport protein and antioxidant protein,
although its main function is the regulation of the colloidal osmotic pressure of blood
(Roche et al., 2008). There was no definite pattern in the differential abundance of this
protein. Serotransferrin is an iron binding transport protein and was found in lower
abundance in ST0 compared to LL0 and PM0 (Table 11). Joseph et al. (2012) reported
greater abundance of this protein in color‐labile PM. However, the potential role of these
two proteins in meat quality is yet to be clearly understood.

2.5. Conclusions
The present study provided a comprehensive evaluation of color stability and
sarcoplasmic proteome profile of three differentially color‐stable beef muscles (LL, PM,
and ST) after postmortem aging. Muscle source and aging influenced the color attributes
and sarcoplasmic proteome. In general, LL and ST had greater redness than PM, whereas
the color stability followed the order: LL > ST > PM. Aging also influenced surface redness,
with 7‐day aged steaks demonstrating the greatest values. Sarcoplasmic proteome
analysis identified 135 protein spots differentially abundant between the muscles and
aging time points. The proteins identified included glycolytic enzymes, proteins
associated with energy metabolism, antioxidant proteins, chaperones, and transport
proteins. Overall, glycolytic enzymes were of greater abundance in muscles and aging
times with increased color stability and redness. The differential abundance of enzymes,
antioxidant proteins, and chaperones indicate that these intrinsic factors play a critical
role in color stability of postmortem beef muscles.
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Table 2.1: Effect of aginga and muscle sourceb on surface lightness (L* value) of beef steaks (n = 8) during refrigerated storage (2 °C)
for 6 days under aerobic packaging (SEM = 1.0384)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
41.15
43.02
45.11
44.17
44.43
45.33

P values

7 day

LL
PM
ST

44.29
45.61
47.49

45.42
44.83
47.91

45.80
43.92
47.86

14 day

LL
PM
ST

45.90
47.00
48.82

45.79
44.70
48.63

43.54
44.92
47.42

6
43.69
44.54
46.06

63
21 day

LL
44.48
45.13
43.90
PM
45.84
45.26
44.41
ST
48.04
48.15
46.91
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

< 0.0001
0.0003
0.0578
0.3153
< 0.0001
0.0010
0.4422

Table 2.2: Effect of aginga and muscle sourceb on surface redness (a* value) of beef steaks (n = 8) during refrigerated storage (2 °C) for
6 days under aerobic packaging (SEM = 0.93)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
28.04
28.32
30.63
22.85
29.04
26.74

P values

7 day

LL
PM
ST

31.29
31.68
31.46

30.89
23.58
29.61

28.08
20.12
25.85

14 day

LL
PM
ST

31.67
31.40
31.88

29.02
22.66
28.46

25.17
18.00
23.59

6
26.84
19.05
23.92

64
21 day

LL
30.94
28.98
25.27
PM
31.56
22.52
19.12
ST
31.48
28.68
21.88
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

< 0.0001
< 0.0001
< 0.0001
0.5312
< 0.0001
< 0.0001
0.5440

Table 2.3: Effect of aginga and muscle sourceb on surface yellowness (b* value) of beef steaks (n = 8) during refrigerated storage (2 °C)
for 6 days under aerobic packaging (SEM = 0.6266)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
20.30
22.08
23.26
18.65
22.21
21.82

P values

7 day

LL
PM
ST

23.78
24.20
25.39

23.68
19.53
24.51

21.77
18.13
22.47

14 day

LL
PM
ST

24.08
24.01
26.03

22.14
18.72
23.65

20.02
17.04
21.74

6
21.06
17.10
20.28

65
21 day

LL
23.11
21.93
20.18
PM
24.44
19.09
17.18
ST
25.46
23.47
19.70
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

< 0.0001
< 0.0001
< 0.0001
0.0239
< 0.0001
< 0.0001
0.0936

Table 2.4: Effect of aginga and muscle sourceb on hue angle of beef steaks (n = 8) during refrigerated storage (2 °C) for 6 days under
aerobic packaging (SEM = 0.6292)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
35.91
37.97
37.21
39.20
37.33
39.23

P values

7 day

LL
PM
ST

37.22
37.36
38.90

37.47
39.73
39.62

37.87
42.20
41.27

14 day

LL
PM
ST

37.24
37.40
39.23

37.33
39.62
39.79

38.60
43.57
42.91

6
38.15
41.94
40.42

66
21 day

LL
36.75
37.13
38.83
PM
37.76
40.56
42.16
ST
38.96
39.31
42.25
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

0.0068
< 0.0001
< 0.0001
0.6062
0.2442
< 0.0001
0.7245

Table 2.5: Effect of aginga and muscle sourceb on chroma of beef steaks (n = 8) during refrigerated storage (2 °C) for 6 days under
aerobic packaging (SEM = 1.0758)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
34.62
35.91
38.47
29.50
36.58
34.52

P values

7 day

LL
PM
ST

39.30
39.87
40.43

38.93
30.62
38.45

35.54
27.10
34.28

14 day

LL
PM
ST

39.79
39.53
41.16

36.50
29.40
37.01

32.17
24.83
32.13

6
34.12
25.61
31.39

67
21 day

LL
38.62
36.34
32.36
PM
39.91
29.54
25.76
ST
40.49
37.06
29.49
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

< 0.0001
< 0.0001
< 0.0001
0.2024
< 0.0001
< 0.0001
0.3093

Table 2.6: Effect of aginga and muscle sourceb on surface color stability (R630/580) of beef steaks (n = 8) during refrigerated storage
(2 °C) for 6 days under aerobic packaging (SEM = 0.2441)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
5.07
4.28
5.09
2.70
4.72
3.58

P values

7 day

LL
PM
ST

5.57
5.31
5.42

4.85
2.80
4.26

3.96
2.23
3.35

14 day

LL
PM
ST

5.36
4.96
4.93

4.23
2.72
3.90

3.33
2.08
2.92

6
3.61
2.17
3.01

68
21 day

LL
5.28
4.31
3.41
PM
5.11
2.69
2.27
ST
4.95
3.99
2.69
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

0.0003
< 0.0001
< 0.0001
0.5415
0.7451
< 0.0001
0.8799

Table 2.7: Effect of aginga and muscle sourceb on metmyoglobin reducing activity (MRA) of beef steaks (n = 8) during refrigerated
storage (2 °C) for 6 days under aerobic packaging (SEM = 5.65)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
63.81
47.36
34.93
14.63
66.30
42.54

P values

7 day

LL
PM
ST

56.22
20.24
55.20

48.61
6.24
56.62

41.60
18.28
35.39

14 day

LL
PM
ST

56.99
22.78
47.02

37.19
7.91
41.63

38.39
23.92
39.08

6
46.61
10.24
41.63

69
21 day

LL
56.70
42.80
21.12
PM
20.32
11.20
30.31
ST
59.33
42.90
42.49
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

0.0973
< 0.0001
< 0.0001
0.1622
0.1592
0.0010
0.0351

Table 2.8: Effect of aginga and muscle sourceb on pH of beef steaks (n = 8) during refrigerated storage (2 °C) for 6 days under aerobic
packaging (SEM = 0.0417)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
5.26
5.26
5.37
5.38
5.28
5.30

P values

7 day

LL
PM
ST

5.27
5.38
5.30

5.29
5.42
5.30

5.21
5.40
5.25

14 day

LL
PM
ST

5.22
5.35
5.28

5.24
5.34
5.31

5.33
5.44
5.37

6
5.26
5.38
5.34

70
21 day

LL
5.27
5.32
5.42
PM
5.37
5.34
5.51
ST
5.32
5.34
5.46
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

0.0010
< 0.0001
< 0.0001
0.4110
< 0.0001
0.8575
0.9282

Table 2.9: Effect of aginga and muscle sourceb on lipid oxidation (TBARS value) of beef steaks (n = 8) during refrigerated storage (2 °C)
for 6 days under aerobic packaging (SEM = 0.019)
Aging (A)

Muscle (M)

0 day

LL
PM
ST

Storage days (S)
0
3
0.018
0.027
0.017
0.027
0.014
0.034

P values

7 day

LL
PM
ST

0.016
0.026
0.020

0.043
0.081
0.100

0.091
0.120
0.181

14 day

LL
PM
ST

0.029
0.042
0.033

0.078
0.121
0.127

0.150
0.200
0.206

6
0.059
0.069
0.081

71
21 day

LL
0.033
0.084
0.110
PM
0.049
0.107
0.128
ST
0.036
0.095
0.148
a
Wet‐aging in vacuum packaging at 2°C.
b
LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

A
M
S
AxM
AxS
MxS
AxMxS

< 0.0001
0.0257
< 0.0001
0.6384
< 0.0001
0.0196
0.9608

Table 2.10: Summary of differentially abundant protein spots in the sarcoplasmic proteome of in beef longissimus lumborum (LL),
psoas major (PM), and semitendinosus (ST; n = 8) aged for 0, 7, 14, and 21 days

Treatment

Muscle‐specificity
Number of protein spots

Treatment

Aging
Number of protein spots
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LL0 vs. PM0
LL0 vs. ST0
PM0 vs. ST0

4 spots
4 spots
7 spots

LL0 vs. LL7
LL0 vs. LL14
LL0 vs. LL21

2 spots
7 spots
5 spots

LL7 vs. PM 7
LL7 vs.ST7
PM7 vs. ST7

11 spots
3 spots
14 spots

PM0 vs. PM7
PM0 vs. PM14
PM0 vs. PM21

8 spots
6 spots
3 spots

LL14 vs. PM14
LL14 vs. ST14
PM14 vs. ST14

14 spots
6 spots
6 spots

ST0 vs. ST7
ST0 vs. ST14
ST0 vs. ST21

10 spots
5 spots
3 spots

LL21 vs. PM21
LL21 vs. ST21
PM21 vs. ST21

5 spots
2 spots
10 spots

Total

49 spots

Total

86 spots

Table 2.11: Differentially abundant sarcoplasmic proteins in beef longissimus lumborum (LL), psoas major (PM), and semitendinosus
(ST) steaks (n = 8) on day 0 of aging.
Protein

LL0 vs PM0
Serum albumin
Creatine kinase M‐type
Creatine kinase M‐type
Myoglobin
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LL0 vs ST0
Phosphoglucomutase‐1
Serotransferrin
Glyceraldehyde‐3‐phosphate
dehydrogenase
Beta‐enolase
PM0 vs ST0
Serotransferrin
Creatine kinase M‐type
Creatine kinase M‐type
Glyceraldehyde‐3‐phosphate
dehydrogenase
Myoglobin
Superoxide dismutase [Mn],
mitochondrial

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Function

P02769
Q9XSC6
Q9XSC6
P02192

10550.37/87
4573.87/53
10790.77/62
2665.01/24

90.77
81.10
83.99
99.35

LL0
LL0
LL0
PM0

1.74a
1.80a
1.84a
0.60a

Transport
Energy metabolism
Energy metabolism
Oxygen transport

Q08DP0
Q29443
P10096

3544.00/56
4772.99/84
2812.92/30

69.22
85.09
80.48

LL0
LL0
LL0

1.53b
1.53b
3.33b

Glycolytic enzyme
Transport protein
Glycolytic enzyme

Q3ZC09

4499.71/53

79.95

LL0

3.23b

Glycolytic enzyme

Q29443
Q9XSC6
Q9XSC6
P10096

6542.32/78
2777.04/48
6090.00/53
4260.65/35

81.82
72.18
81.63
71.77

PM0
ST0
ST0
PM0

1.67c
0.51c
0.45c
1.93c

Transport protein
Energy metabolism
Energy metabolism
Glycolytic enzyme

P02192
P41976

3878.67/26
269.87/11

93.51
29.73

PM0
PM0

1.68c
1.83c

Oxygen transport
Antioxidant

Table 2.11 (continued).

a

Protein

Accession
number

Score/matched
peptides

Sequence
coverage (%)

L‐lactate dehydrogenase A

P19858

1346.58/34

85.24

Spot ratio of LL0/PM0; b Spot ratio of LL0/ST0; c Spot ratio of PM0/ST0

Over‐
Spot ratio
abundant
PM0

6.88c

Function
Energy metabolism
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Table 2.12: Differentially abundant sarcoplasmic proteins in beef longissimus lumborum (LL), psoas major (PM), and semitendinosus
(ST) steaks (n = 8) on day 7 of aging.
Protein
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LL7 vs PM7
Heat shock cognate protein (71
kDa)
Serum albumin
Serum albumin
Triosephosphate isomerase
Triosephosphate isomerase
Creatine kinase M‐type
Creatine kinase M‐type
Triosephosphate isomerase
Creatine kinase M‐type
Myoglobin
Beta‐enolase
LL7 vs ST7
Heat shock cognate protein (71
kDa)
Serum albumin
Serum albumin
PM7 vs ST7
Superoxide dismutase [Cu‐Zn]

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Function

P19120

2591.04/48

68.46

LL7

3.90a

Chaperone

P02769
P02769
Q5E956
Q5E956
Q9XSC6
Q9XSC6
Q5E956
Q9XSC6
P02192
Q3ZC09

5343.08/65
10468.95/78
5553.64/27
5345.41/23
3331.35/34
4966.46/44
6505.02/29
8811.88/50
3921.09/23
8605.29/50

85.01
88.14
93.98
91.57
70.60
76.12
93.98
80.31
93.51
72.81

LL7
LL7
LL7
LL7
LL7
LL7
LL7
LL7
PM7
LL7

2.27a
2.90a
2.00a
1.59a
2.19a
3.93a
1.53a
6.46a
0.54a
4.65a

Transport
Transport
Glycolytic enzyme
Glycolytic enzyme
Energy metabolism
Energy metabolism
Glycolytic enzyme
Energy metabolism
Oxygen transport
Glycolytic enzyme

P19120

2516.15/50

66.00

LL7

2.75b

Chaperone

P02769
P02769

6468.62/75
8481.16/69

85.50
84.84

LL7
LL7

1.55b
1.63b

Transport
Transport

P00442

880.28/11

90.79

PM7

1.65c

Antioxidant

Table 2.12 (continued).
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a

Protein

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Triosephosphate isomerase
Triosephosphate isomerase
Triosephosphate isomerase
Triosephosphate isomerase
Creatine kinase M‐type
Triosephosphate isomerase
Creatine kinase M‐type
Creatine kinase M‐type
Myoglobin
Triosephosphate isomerase
Myoglobin
Creatine kinase M‐type
Beta‐enolase

Q5E956
Q5E956
Q5E956
Q5E956
Q9XSC6
Q5E956
Q9XSC6
Q9XSC6
P02192
Q5E956
P02192
Q9XSC6
Q3ZC09

1267.16/22
4511.84/29
4038.72/29
4518.14/27
866.26/29
7573.39/26
2096.38/39
3517.53/45
2733.71/19
6566.88/30
3690.03/19
10653.78/57
4322.40/46

91.57
93.98
93.98
93.98
60.37
93.98
75.07
76.38
91.56
93.98
91.56
94.23
76.04

ST7
ST7
ST7
ST7
ST7
ST7
ST7
ST7
PM7
ST7
PM7
ST7
ST7

Spot ratio of LL7/PM7; b Spot ratio of LL7/ST7; c Spot ratio of PM7/ST7

0.66c
0.61c
0.45c
0.59c
0.33c
0.66c
0.31c
0.16c
3.32c
0.53c
2.03c
0.28c
0.38c

Function

Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme
Energy metabolism
Glycolytic enzyme
Energy metabolism
Energy metabolism
Oxygen transport
Glycolytic enzyme
Oxygen transport
Energy metabolism
Glycolytic enzyme

Table 2.13: Differentially abundant sarcoplasmic proteins in beef longissimus lumborum (LL), psoas major (PM), and semitendinosus
(ST) steaks (n = 8) on day 14 of aging.
Protein
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LL14 vs PM14
Mitochondrial heat shock
protein (60 kDa)
Mitochondrial heat shock
protein (60kDa)
Malate dehydrogenase
(cytoplasmic)
Beta‐enolase
Aldehyde dehydrogenase
(mitochondrial)
Aldehyde dehydrogenase
(mitochondrial)
Phosphoglucomutase‐1
Glycerol‐3‐phosphate
dehydrogenase (cytoplasmic)
Creatine kinase M‐type
Glycerol‐3‐phosphate
dehydrogenase (cytoplasmic)
Glycerol‐3‐phosphate
dehydrogenase (cytoplasmic)
Phosphoglucomutase‐1
Phosphoglucomutase‐1

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Function

P31081

3120.65/58

79.23

PM14

0.50a

Chaperone

P31081

2742.17/54

74.87

PM14

0.42a

Chaperone

Q3T145

844.93/30

61.68

LL14

1.71a

Energy metabolism

Q3ZC09
P20000

1561.88/31
1904.42/34

69.12
56.35

LL14
LL14

1.53a
1.96a

Glycolytic enzyme
Energy metabolism

P20000

3277.11/38

61.15

LL14

1.68a

Energy metabolism

Q08DP0
Q5EA88

2524.35/58
2402.72/31

85.23
93.41

PM14
LL14

0.45a
1.57a

Glycolytic enzyme
Energy metabolism

Q9XSC6
Q5EA88

1404.39/32
2258.30/28

74.54
73.93

LL14
LL14

1.97a
1.75a

Energy metabolism
Energy metabolism

Q5EA88

2402.71/28

82.23

LL14

1.63a

Energy metabolism

Q08DP0
Q08DP0

4184.83/59
2750.32/48

84.52
74.73

LL14
LL14

4.13a
4.07a

Glycolytic enzyme
Glycolytic enzyme

Table 2.13 (continued).
Protein

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Creatine kinase M‐type

Q9XSC6

469.23/19

41.21

LL14

2.07a

Energy metabolism

Q3T145

1121.78/26

55.99

LL14

1.69b

Energy metabolism

Q08DP0
Q3ZC09
Q08DP0
Q08DP0
Q08DP0

2635.82/53
1975.11/50
1166.63/54
5453.43/64
4422.10/58

72.42
74.42
68.51
84.70
72.42

LL14
ST14
LL14
LL14
LL14

1.54b
0.57b
2.02b
1.91b
1.85b

Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme

P31081

2027.34/54

71.03

PM14

1.69c

Chaperone

P31081

2623.44/54

76.61

PM14

1.92c

Chaperone

Q3ZC09
Q29443
P10096

2335.71/44
2913.00/70
1332.36/25

66.59
73.72
64.56

ST14
PM14
ST14

0.62c
1.82c
0.65c

Glycolytic enzyme
Transport protein
Glycolytic enzyme

Q9XSC6

4731.45/54

83.20

ST14

0.50c

Energy metabolism
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LL14 vs ST14
Malate dehydrogenase
(cytoplasmic)
Phosphoglucomutase‐1
Beta‐enolase
Phosphoglucomutase‐1
Phosphoglucomutase‐1
Phosphoglucomutase‐1
PM14 vs ST14
Mitochondrial heat shock
protein (60kDa)
Mitochondrial heat shock
protein (60kDa)
Beta‐enolase
Serotransferrin
Glyceraldehyde‐3‐phosphate
dehydrogenase
Creatine kinase M‐type
a

Spot ratio of LL14/PM14; b Spot ratio of LL14/ST14; c Spot ratio of PM14/ST14

Function

Table 2.14: Differentially abundant sarcoplasmic proteins in beef longissimus lumborum (LL), psoas major (PM), and semitendinosus
(ST) steaks (n = 8) on day 21 of aging.
Protein

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Function

LL21 vs PM21
Serum albumin
Serum albumin
Creatine kinase M‐type
Triosephosphate isomerase
Creatine kinase M‐type

P02769
P02769
Q9XSC6
Q5E956
Q9XSC6

6940.19/67
915.42/39
2413.26/52
7139.71/32
9693.28/57

83.69
56.05
81.10
93.98
82.68

LL21
LL21
LL21
LL21
LL21

1.64a
1.61a
2.33a
1.73a
2.43a

Transport
Transport
Energy metabolism
Glycolytic enzyme
Energy metabolism

LL21 vs ST21
Heat shock protein (70 kDa)
L‐lactate dehydrogenase A

Q27975
P19858

5755.16/64
1494.08/42

72.85
96.08

LL21
ST21

4.06b
0.41b

Chaperone
Energy metabolism

P31081

3178.58/62

76.27

PM21

2.07c

Chaperone

P02769
Q3ZBZ8

10170.79/86
2142.54/73

88.47
79.19

PM21
PM21

1.93c
1.73c

Transport
Chaperone

Q9XSC6
Q9XSC6
Q5E956
Q9XSC6

1897.54/49
2550.50/51
7214.08/30
5657.84/56

71.65
78.22
93.98
81.10

ST21
ST21
ST21
ST21

0.47c
0.54c
0.50c
0.45c

Energy metabolism
Energy metabolism
Glycolytic enzyme
Energy metabolism
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Accession
number

PM21 vs ST21
Mitochondrial heat shock
protein (60 kDa)
Serum albumin
Stress‐induced‐phosphoprotein
1
Creatine kinase M‐type
Creatine kinase M‐type
Triosephosphate isomerase
Creatine kinase M‐type

Table 2.14 (continued).

a

Protein

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Glyceraldehyde‐3‐phosphate
dehydrogenase
Creatine kinase M‐type
Malate dehydrogenase
(mitochondrial)

P10096

532.90/17

54.35

ST21

0.28c

Glycolytic enzyme

Q9XSC6
Q32LG3

7145.41/64
4349.40/37

83.73
75.74

ST21
ST21

0.55c
0.65c

Energy metabolism
Energy metabolism

Spot ratio of LL21/PM21; b Spot ratio of LL21/ST21; c Spot ratio of PM21/ST21

Function
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Table 2.15: Differentially abundant sarcoplasmic proteins during aging (0, 7, 14, 21 days) in beef longissimus lumborum (LL) steaks (n
= 8).
Protein

LL0 vs. LL7
Adenylate kinase isoenzyme 1
Myoglobin
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LL0 vs LL14
Heat shock cognate protein (71
kDa)
Beta‐enolase
Alanine aminotransferase 1
Phosphoglucomutase‐1
Creatine kinase M‐type
Phosphoglucomutase‐1
Beta‐enolase

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

P00570
P02192

2973.04/45
2485.84/20

92.78
93.51

LL7
LL7

0.43a
0.33a

Energy metabolism
Oxygen transport

P19120

4076.93/56

74.31

LL14

0.41b

Chaperone

Q3ZC09
A4IFH5
Q08DP0
Q9XSC6
Q08DP0
Q3ZC09

2611.05/47
361.85/18
1946.54/49
405.71/16
1290.88/46
7628.55/61

71.66
44.35
77.05
37.27
69.75
84.79

LL14
LL14
LL14
LL14
LL14
LL14

0.58b
0.59b
0.52b
0.64b
0.53b
0.60b

Glycolytic enzyme
Energy metabolism
Glycolytic enzyme
Energy metabolism
Glycolytic enzyme
Glycolytic enzyme

LL21
LL0

0.42c
1.89c

Glycolytic enzyme
Energy metabolism

LL21
LL21
LL0

0.66c
0.60c
2.90c

Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme

LL0 vs LL21
Alpha‐enolase
Q9XSJ4
778.37/28
61.75
Malate dehydrogenase
Q3T145
1746.38/36
61.68
(cytoplasmic)
Alpha‐enolase
Q9XSJ4
1142.73/32
66.59
Alpha‐enolase
Q9XSJ4
3031.52/41
69.59
Glyceraldehyde‐3‐phosphate
P10096
1727.91/26
69.67
dehydrogenase
a
Spot ratio of LL0/LL7; b Spot ratio of LL0/LL14; c Spot ratio of LL0/LL21

Function

Table 2.16: Differentially abundant sarcoplasmic proteins during aging (0, 7, 14, 21 days) in beef psoas major (PM) steaks (n = 8).
Protein
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PM0 vs PM7
Superoxide dismutase [Cu‐Zn]
Beta‐enolase
Creatine kinase M‐type
Beta‐enolase
Serotransferrin
Creatine kinase M‐type
Creatine kinase M‐type
Myoglobin
PM0 vs PM14
ATP synthase (beta subunit,
mitochondrial)
Mitochondrial heat shock
protein (60 kDa)
Glyceraldehyde‐3‐phosphate
dehydrogenase
Glyceraldehyde‐3‐phosphate
dehydrogenase
Glyceraldehyde‐3‐phosphate
dehydrogenase
Beta‐enolase

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Function

P00442
Q3ZC09
Q9XSC6
Q3ZC09
Q29443
Q9XSC6
Q9XSC6
P02192

709.01/11
2075.70/30
2229.27/48
4879.07/52
3879.25/76
2784.86/54
4590.61/58
4027.12/29

51.97
65.44
72.44
73.73
74.01
74.54
80.58
99.35

PM7
PM7
PM0
PM0
PM0
PM0
PM0
PM7

0.59a
0.66a
3.43a
2.15a
2.01a
2.92a
17.86a
0.66a

Antioxidant
Glycolytic enzyme
Energy metabolism
Glycolytic enzyme
Transport protein
Energy metabolism
Energy metabolism
Oxygen transport

P00829

2246.52/29

66.29

PM14

0.64b

Energy metabolism

P31081

3370.29/62

72.43

PM14

0.45b

Chaperone

P10096

2311.05/24

61.26

PM0

1.72b

Glycolytic enzyme

P10096

2147.47/25

70.87

PM0

2.27b

Glycolytic enzyme

P10096

2711.18/30

75.98

PM0

1.67b

Glycolytic enzyme

Q3ZC09

3993.35/48

76.73

PM14

0.45b

Glycolytic enzyme

Table 2.16 (continued).
Protein

PM0 vs PM21
Serum albumin
Glyceraldehyde‐3‐phosphate
dehydrogenase
Glyceraldehyde‐3‐phosphate
dehydrogenase
a

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

P02769
P10096

2090.94/55
1550.64/26

78.75
66.37

PM0
PM0

2.69c
8.85c

Transport
Glycolytic enzyme

P10096

8266.24/34

84.38

PM0

3.83c

Glycolytic enzyme

Spot ratio of PM0/PM7; b Spot ratio of PM0/PM14; c Spot ratio of PM0/PM21

Function
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Table 2.17: Differentially abundant sarcoplasmic proteins during aging (0, 7, 14, 21 days) in beef semitendinosus (ST) steaks (n = 8).
Protein
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Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

Q5E946
P16116
Q9XSJ4
P02192
P10096

814.38/31
1315.72/27
1902.61/37
543.18/18
1866.66/26

97.88
87.30
63.82
88.96
65.77

ST7
ST0
ST0
ST7
ST0

0.63a
2.11a
1.83a
0.65a
1.82a

Chaperone
Oxidoreductase enzyme
Glycolytic enzyme
Oxygen transport
Glycolytic enzyme

Q9XSC6
P02510
P0CH28
Q3ZC09
P00570

761.7/28
1951.07/27
517.25/16
6352.87/47
2504.89/27

61.68
74.29
93.91
72.12
84.54

ST7
ST0
ST7
ST7
ST7

0.52a
1.97a
0.37a
0.44a
0.57a

Energy metabolism
Chaperone
Ubiquitylation
Glycolytic enzyme
Adenosine phosphate
metabolism

ST0 Vs ST14
Beta‐enolase
Beta‐enolase
Beta‐enolase
Beta‐enolase
Beta‐enolase

Q3ZC09
Q3ZC09
Q3ZC09
Q3ZC09
Q3ZC09

2385.59/51
3827.11/54
2811.22/53
4151.38/56
3431.61/62

74.65
76.04
76.50
83.41
83.87

ST14
ST14
ST14
ST14
ST14

0.39b
0.55b
0.36b
0.53b
0.29b

Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme

ST0 Vs ST21
Serum albumin
Serum albumin

P02769
P02769

2513.53/61
1952.95/61

81.05
81.38

ST21
ST0

0.48c
2.05c

Transport
Transport

ST0 vs ST7
Protein deglycase DJ‐1
Aldose reductase
Alpha‐enolase
Myoglobin
Glyceraldehyde‐3‐phosphate
dehydrogenase
Creatine kinase M‐type
Alpha‐crystallin B
Polyubiquitin‐C
Beta‐enolase
Adenylate kinase isoenzyme 1

Function

Table 2.17 (continued).

a

Protein

Accession
number

Score/matched
peptides

Sequence
coverage (%)

Over‐
Spot ratio
abundant

L‐lactate dehydrogenase A

P19858

1662.30/35

92.77

ST21

Spot ratio of ST0/ST7; b Spot ratio of ST0/ST14; c Spot ratio of ST0/ST21

0.64c

Function

Energy metabolism
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Figure 2.1: Two‐dimensional gel electrophoresis maps of sarcoplasmic proteome extracted from beef longissimus lumborum (LL) after
0 (LL0), 7 (LL7), 14 (LL14) and 21 (LL21) days of wet aging separated using an immobilized pH gradient (IPG) 5 to 8 strip in the first
dimension and 13.5% SDS gel in the second dimension.
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Figure 2.2: Two‐dimensional gel electrophoresis maps of sarcoplasmic proteome extracted from beef psoas major (PM) after 0 (PM0),
7 (PM 7), 14 (PM 14) and 21 (PM 21) days of wet aging separated using an immobilized pH gradient (IPG) 5 to 8 strip in the first
dimension and 13.5% SDS gel in the second dimension.
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Figure 2.3: Two‐dimensional gel electrophoresis maps of sarcoplasmic proteome extracted from beef semitendinosus (ST) after 0
(ST0), 7 (ST 7), 14 (ST 14) and 21 (ST 21) days of wet aging separated using an immobilized pH gradient (IPG) 5 to 8 strip in the first
dimension and 13.5% SDS gel in the second dimension.
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CHAPTER 3

Proteome basis for intramuscular variation in color stability of beef semimembranosus

Nair et al., Meat Science (2016), 113, 9 – 16
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Abstract
The objective of the present study was to characterize the proteome basis for
intramuscular color stability variations in beef semimembranosus. Semimembranosus
muscles from eight carcasses (n = 8) were fabricated into 2.54‐cm thick color‐labile inside
(ISM) and color‐stable outside (OSM) steaks. One steak for sarcoplasmic proteome
analysis was immediately frozen, whereas other steaks were allotted to retail display
under aerobic packaging. Color attributes were evaluated instrumentally and
biochemically on 0, 2, and 4 days. Sarcoplasmic proteome was analyzed using two‐
dimensional electrophoresis and tandem mass spectrometry. ISM steaks demonstrated
greater (P < 0.01) abundance of glycolytic enzymes (fructose‐bisphosphate aldolase A,
phosphoglycerate mutase 2, and beta‐enolase) and phosphatidylethanolamine‐binding
protein 1 than their OSM counterparts. Possible rapid post‐mortem glycolysis in ISM,
insinuated by overabundance of glycolytic enzymes, could lead to rapid pH decline during
early post‐mortem, which in turn could potentially compromise its color stability. These
results indicated that differential abundance of sarcoplasmic proteome contributes to
intramuscular variations in beef color stability.

Keywords:
Beef color; Color stability; Glycolytic enzymes; Sarcoplasmic proteome;
Semimembranosus
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3.1. Introduction
Proteomic investigations play a major role in meat research because the ultimate
objective of livestock rearing is the production of high quality proteins for human
consumption (D’Alessandro and Zolla, 2013; Gobert et al., 2014; Joseph et al., 2015).
Innovative techniques in proteomics have been extensively applied to explain the
underlying molecular mechanisms of meat quality attributes such as color (Joseph et al.,
2012; Sayd, et al., 2006; Suman et al., 2007) and tenderness (Anderson et al., 2014; Jia et
al., 2009; Picard et al., 2014). Color stability is critical to fresh beef retailing (Mancini and
Hunt, 2005; Suman and Joseph, 2013; Suman et al., 2014). Surface discoloration during
retail display causes consumer rejection, leading to an annual revenue loss of more than
$1 billion to the United States beef industry (Smith et al., 2000).
Beef muscle profiling studies indicated that physico‐chemical and biochemical
characteristics of individual muscles in a carcass vary significantly (Von Seggern et al.,
2005) and thus have a profound effect on color attributes (McKenna et al., 2005; Seyfert
et al., 2006; King et al., 2011). Furthermore, single‐muscle cuts provide meat industry the
opportunity to market individual muscles based on their physico‐chemical characteristics
as well as quality traits (McKenna et al., 2005, Von Seggern et al., 2005). Beef
semimembranosus is a sizeable round muscle, which exhibits two‐toned color and can be
separated to color‐labile inside (ISM) and color‐stable outside (OSM) semimembranosus
based on the location within the carcass (Sammel et al., 2002a). Variations in the rate of
chilling have been attributed as one probable cause for the differential color stability of
beef semimembranosus. Because of its internal location ISM chills at a slower rate than
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its OSM counterpart, and the greater post‐mortem temperature in ISM can lead to
accelerated glycolysis and a rapid pH decline (Sammel et al., 2002a). Furthermore, Tarrant
(1977) observed pH values below 6.0 in ISM when carcass temperature was above 30°C.
The differential rates of temperature fall and pH decline can affect metmyoglobin
reducing systems resulting in differential color stability in beef semimembranosus; high
temperature and low pH can compromise myoglobin stability and color stability in ISM
(Sammel et al., 2002a). Further research by Sammel et al. (2002b) supported this
explanation; these authors applied partial hot boning and observed that hot boned ISM
and OSM chilled at the same rate, demonstrated similar pH decline, and exhibited similar
color stability attributes.
Sarcoplasmic proteome plays a critical role in fresh meat color stability (Renerre
et al., 1996). Joseph et al. (2012) investigated the role of sarcoplasmic proteome on
intermuscular variations in beef color stability and observed a greater abundance of
antioxidant proteins and chaperones in color‐stable (longissimus lumborum) than in
color‐labile (psoas major) beef muscles. Furthermore, antioxidant proteins and
chaperones were positively correlated to surface redness, color stability, and
metmyoglobin reducing activity (MRA). On the other hand, the proteome basis for the
intramuscular variations in the color stability of beef semimembranosus is yet to be
investigated. We hypothesize that the sarcoplasmic proteome profiles of beef ISM and
OSM are different and contribute to the intramuscular variation in color stability.
Therefore, our objective was to identify the differentially abundant proteins in the
sarcoplasmic proteome of ISM and OSM, and to examine their relationship with
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intramuscular variation in color attributes.

3.2. Materials and Methods
3.2.1. Beef fabrication
Beef inside rounds (USDA Select grade; 48 h post‐mortem; IMPS # 168) from eight
carcasses (n = 8) were obtained from a commercial packing plant. In order to effectively
simulate the commercial beef retail marketing conditions in the United States, the
carcasses utilized in this study were from cattle of unknown backgrounds. The vacuum‐
packaged cuts were transported on ice to the USDA‐inspected meat laboratory at
University of Kentucky. External fat and adjacent muscles were excised to separate the
semimembranosus muscles. Each semimembranosus muscle (n = 8) was then fabricated
into ten 2.54‐cm ISM and OSM steaks. One steak assigned for proteome profiling and
determining myoglobin concentration was vacuum packaged and frozen immediately at
–80°C until further analysis. The remaining nine steaks were individually placed on
Styrofoam trays and aerobically overwrapped with oxygen‐permeable polyvinyl chloride
film (15,500 − 16,275 cm3/m2/24 h oxygen transmission rate at 23°C). Individually
packaged steaks were assigned randomly for 0, 2, and 4 days of refrigerated retail display
(2°C) under constant, cool white fluorescent lighting (1300 lx). For each time point, three
steaks were utilized for evaluation of instrumental color and biochemical traits.
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3.2.2. Instrumental color
CIE lightness (L*), redness (a*), yellowness (b*), hue, and chroma values were
measured at three random locations on the light‐exposed steak surfaces with a HunterLab
LabScan XE colorimeter (Hunter Associates Laboratory, Reston, VA, USA) using 2.54 cm
diameter aperture, illuminant A, and 10° standard observer (AMSA, 2012). The
instrument was calibrated with standard black and white plates. In addition, the ratio of
reflectance at 630 nm and 580 nm (R630/580) was calculated as an indirect estimate of
surface color stability.

3.2.3. Meat pH
The pH of steaks was determined according to the method of Strange et al. (1977)
with modifications. Duplicate 5‐g samples were homogenized in 30 mL distilled deionized
water, and the pH was measured using an Accumet AR25 pH‐meter (Fisher Scientific,
Pittsburgh, PA, USA).

3.2.4. Lipid oxidation
Lipid oxidation was analyzed employing thiobarbituric acid assay (Yin et al., 1993).
Briefly, 5 g representative samples, taken from multiple locations, were mixed with
trichloroacetic acid, homogenized in a blender, and filtered using Whatman No. 1 filter
paper. One mL of filtrate was mixed with 1 mL of aqueous thiobarbituric acid (20 mM)
and incubated at 25°C for 20 h. The absorbance of samples at 532 nm measured
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spectrophotometrically (UV‐2401 spectrophotometer, Shimadzu Inc., Columbia, MD,
USA) was reported as thiobarbituric acid reactive substances (TBARS).

3.2.5. Metmyoglobin reducing activity (MRA)
MRA was evaluated according to the method described by of Sammel et al.
(2002a). Cubes (2.5 x 2.5 x 2.5 cm3) of meat were removed from the light‐exposed
surfaces and submerged in a solution of 0.3% sodium nitrite for 20 min at room
temperature to induce metmyoglobin formation. Samples were blotted dry, vacuum
packaged, and the reflectance spectra from 700 to 400 nm were recorded immediately
on the light‐exposed surface using a HunterLab LabScan XE colorimeter. The vacuum‐
packaged samples were then incubated at 30°C for 2 h to induce reduction of
metmyoglobin, and the reflectance data were taken again. Percentage of surface
metmyoglobin (pre‐incubation as well as post‐incubation) was calculated based on K/S
ratios and according to established formulas (AMSA, 2012). MRA was calculated using the
following equation.
MRA = 100 x [(% pre‐incubation surface metmyoglobin – % post‐incubation
surface metmyoglobin)/ % pre‐incubation surface metmyoglobin].

3.2.6. Myoglobin concentration
Myoglobin concentration was determined according to the method of Faustman
and Phillips (2001). Duplicate 5 g frozen samples were homogenized in 45 mL ice cold 40
mM sodium phosphate buffer at pH 6.8. The homogenate was filtered using Whatman
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no. 1 filter paper, and the absorbance of the filtrate at 525 nm (A525) was recorded using
UV‐2401PC spectrophotometer (Shimadzu Inc., Columbia, MD, USA) with sodium
phosphate buffer as blank. Myoglobin concentration was calculated using the following
equation.
Myoglobin (mg/g) = [A525/(7.6 mM‐1 cm‐1 x 1 cm)] x [17,000/1000] x 10
where, 7.6 mM‐1 cm‐1 = millimolar extinction coefficient of myoglobin at 525 nm; 1 cm =
path length of cuvette; 17,000 Da = average molecular mass of myoglobin; 10 = dilution
factor.

3.2.7. Isolation of sarcoplasmic proteome
The sarcoplasmic proteomes from ISM and OSM steaks (n = 8) collected on day 0
were extracted according to the method of Joseph et al. (2012). Frozen samples were
thawed at 4°C, and 5 g of muscle tissue was homogenized in 25 mL ice‐cold extraction
buffer (40 mM Tris, 5 mM EDTA, pH 8.0) using a Waring blender (Waring Commercial,
Torrington, CT, USA). The homogenate was centrifuged at 10,000 x g for 10 min at 4°C.
The supernatant (sarcoplasmic proteome extract) was filtered and utilized for subsequent
analysis.

3.2.8. Two‐dimensional electrophoresis (2‐DE)
The protein concentration of the sarcoplasmic proteome extract from each
sample was determined in duplicate employing Bradford assay (Bradford, 1976) using the
Bio‐Rad Protein Assay kit (Bio‐Rad, Hercules, CA, USA). The sarcoplasmic proteome (900
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μg) was mixed with rehydration buffer (Bio‐Rad) optimized to 7 M urea, 2M thiourea, 20
mM DTT, 4% CHAPS, 0.5% Bio‐Lyte 5/8 ampholyte, and 0.001% Bromophenol blue. The
mixture of sarcoplasmic proteome and rehydration buffer was loaded onto immobilized
pH gradient (IPG) strips (pH 5−8, 17 cm; Bio‐Rad) and was subjected to passive
rehydration for 16 h (Joseph et al., 2012). First dimension isoelectric focusing (IEF) of the
IPG strips was done in a Protean IEF cell system (Bio‐ Rad). A low voltage (50 V) was
applied during the initial rehydration, followed by a linear increase in voltage and a final
rapid voltage ramping to attain a total of 80 kVh. Subsequently, the IPG strips were
equilibrated with equilibration buffer I (6 M urea, 0.375 M Tris‐HCl, pH 8.8, 2% SDS, 20%
glycerol, 2% (w/v) DTT; Bio‐Rad) followed by equilibration buffer II (6 M urea, 0.375 M
Tris‐HCl, pH 8.8, 2% SDS, 20% glycerol, 2.5% (w/v) iodoacetamide; Bio‐Rad) for 15 min
each. Second dimension separation of proteins was done by 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (38.5:1 ratio of acrylamide to bis‐acrylamide; SDS‐
PAGE) in a Protean XL system (Bio‐Rad) using running buffer (25 mM Tris, 192 mM Glycine,
0.1 % SDS). The gels were stained with colloidal Coomassie Blue for 48 h and destained
until sufficient background was cleared. The ISM and OSM samples from one carcass were
run in parallel under the same conditions. Two gels per sample were produced, resulting
in 32 gels.

3.2.9. Gel image analysis
The gel images were obtained using VersaDoc imager (Bio‐Rad) and were analyzed
using PDQUEST software (Bio‐Rad). The spots were detected, and matched spots were
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normalized (Joseph et al., 2012). A spot was considered to be differentially abundant
when it demonstrated 1.5–fold intensity difference between ISM and OSM and was
associated with P < 0.01 in a pairwise Student’s t‐test.

3.2.10. Protein identification by tandem mass spectrometry
Protein spots differentially abundant between ISM and OSM were excised from
the gel using pipet tips. To confirm the identity of the proteins, respective spots were also
excised from the other group. The spots were destained by two 30‐min washes with 50
mM NH4HCO3/50% CH3CN followed by vortexing for 10 min, and drying using vacuum
centrifuge. Proteins in the gel were reduced by the addition of 50 mM NH4HCO3
containing 10 mM DTT and incubation at 57°C for 30 min. Further, the proteins were
alkylated by the addition of 50 mM NH4HCO3 containing 50 mM iodoacetamide and
incubation for 30 min in the dark at room temperature. The gel pieces were washed twice
with 50 mM NH4HCO3 and once with CH3CN, and partially dried in a vacuum centrifuge.
Dried gel pieces were rehydrated for 1 h (on ice) with a solution of 40 mM NH4HCO3/9%
CH3CN, containing proteomic grade trypsin (Sigma, St. Louis, MO, USA) at a concentration
of 20 ng/µL. Additional volume of 40 mM NH4HCO3/9% CH3CN was added to cover the
sample, and the gel was incubated for 18 h at 37°C. Peptide extraction from the gel was
done by sonication in 0.1% trifluoroacetic acid for 10 min followed by vortexing for 10
min. Extraction was repeated with 50% CH3CN/0.1% trifluoroacetic acid. The extracts
were combined, and the volume was decreased to eliminate most of the acetonitrile. The
peptide extracts were desalted and concentrated by solid phase extraction using a 0.1−10
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µL pipet tip (Sarstedt, Newton, NC, USA) packed with 1 mm of Empore C‐18 (3M, St. Paul,
MN, USA), and peptides were eluted in 5 µL of 50% CH3CN/0.1% trifluoroacetic acid.
Desalted peptide extracts (0.3 µL) were spotted onto an Opti‐TOF 384 well insert
(ABSciex, Foster City, CA, USA) with 0.3 µL of 5 mg/mL α‐cyano‐4‐hydroxycinnamic acid
(Aldrich, St. Louis, MO, USA) in 50% CH3CN/50% 0.1% trifluoroacetic acid. Crystallized
samples were washed with cold 0.1% trifluoroacetic acid and were analyzed using a 4800
MALDI TOF‐TOF Proteomics Analyzer (ABSciex). Initial MALDI MS spectrum was acquired
for each spot with 400 laser shots per spectrum. From that a maximum of 15 peaks with
a signal‐to‐noise ratio of >20 were automatically selected for MS‐MS analysis (1000 shots
per spectrum) by post‐source decay. Peak lists from the MS‐MS spectra were submitted
for database similarity search using Protein Pilot version 4.0 (ABSciex) using search
parameters (Search type: identification; Enzyme: trypsin; Database: bovine NCBInr;
Search effort: thorough; Unused cutoff > 1.30, 95% confidence) in the National Center for
Biotechnology Information (NCBI) database to identify the proteins. A protein was
assigned as identified if it had an unused cutoff value of at least 2.00 and at least two
peptides were identified with 99% confidence.

3.2.11. Statistical analysis
ISM and OSM fabricated from the semimembranosus muscles of eight (n = 8) beef
carcasses were utilized in the experiment. The design was a split‐plot with randomized
block design in the whole plot with eight replicates, wherein semimembranosus muscles
from each carcass served as blocks. The effects of muscle location (ISM and OSM), storage
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(0, 2, and 4 days), and their interactions were analyzed using the PROC MIXED option
(SAS, 2013) and the differences among means were detected using the least significance
difference (LSD) at a 5% level. In addition, the PROC CORR option was used to determine
the Pearson’s correlation coefficient between the differentially abundant proteins and
color attributes (SAS, 2013).

3.3. Results and Discussion
3.3.1. Instrumental color and biochemical attributes
Myoglobin concentration was not different (P > 0.05) between ISM (6.50 ± 0.18
mg/g) and OSM (6.39 ± 0.15 mg/g) on day 0. In support, Sammel et al. (2002a) also
reported similar myoglobin concentration in ISM and OSM prior to retail display.
On day 0 of retail display, ISM steaks demonstrated (P < 0.05) greater redness (a*
values) than OSM counterparts (Figure 1). However, the trend reversed during retail
display with OSM exhibiting greater (P < 0.05) redness on days 2 and 4. Nevertheless, a*
values decreased in both ISM and OSM during retail display. In agreement with our data,
Sammel et al. (2002a) reported similar observations on a* values of beef
semimembranosus during display under aerobic packaging; ISM exhibited greater a*
values on day 0, whereas OSM exhibited greater a* values from days 1 to day 5.
Furthermore, these authors observed lower oxygen consumption rate in ISM than in
OSM, which could have resulted in deeper oxygen penetration into the muscle resulting
in improved bloom and uniform cherry‐red color. Sawyer et al. (2007) examined
intramuscular variations in the color stability of beef semimembranosus quadrants
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(divided based on cranial‐caudal and proximal‐distal axes; the distal quadrants
represented OSM, whereas proximal ones represented ISM). These authors reported no
difference in a* values between the four quadrants on day 0 of retail display. However,
caudal‐distal quadrant demonstrated the greatest a* value and cranial‐proximal had the
lowest a* value on days 3 and 6, which agreed partially with our results. Pastsart et al.
(2013) examined intramuscular variation in color stability of biceps femoris in double‐
muscled Belgian Blue cattle and reported that the outside region of biceps femoris
exhibited greater a* value during retail display than the inside region, which supported
our observations.
In the present study, ISM demonstrated greater (P < 0.05) lightness (L* value) than
the OSM throughout the display (Table 1). Our results on L* values are in agreement with
those of Sammel et al. (2002a) who also reported that ISM had greater L* value during
retail display. Furthermore, Sawyer et al. (2007) reported that the distal quadrants of beef
semimembranosus (representing OSM) demonstrated lower L* values than the proximal
quadrants (representing ISM) during retail display. In partial agreement with our data,
Pastsart et al. (2013) also reported that inside region of beef biceps femoris exhibited
greater L* values than outside region during retail display.
With respect to yellowness (b* value), on day 0 ISM had greater (P < 0.05) b*
values than OSM. However, the b* values were not different (P > 0.05) between ISM and
OSM on days 2 and 4 of retail display (Table 1). On contrary, Sammel et al. (2002a)
reported that ISM had greater b* values than OSM on all the days (days 0 through 5) of
display under aerobic packaging. In the present study, similar to the trend in a* values,
101

ISM exhibited greater (P < 0.05) chroma (saturation index) on day 0, whereas OSM
exhibited greater (P < 0.05) chroma on days 2 and 4 (Table 1). Hue angle (trueness of red)
was greater in ISM (P < 0.05) than OSM on days 2 and 4 of retail display, while ISM and
OSM had similar (P > 0.05) hue angle on day 0 (Table 1).
Ratio of reflectance at 630 nm and 580 nm (R630/580) indicates surface color
stability; a greater ratio indicates lower metmyoglobin content and greater color stability.
R630/580 was greater (P < 0.05) in OSM than in ISM during retail display (Figure 2)
confirming that OSM is color‐stable. Nonetheless, R630/580 decreased in both ISM and
OSM during retail display. Previous research (Sammel et al., 2002a) also reported OSM as
color‐stable and ISM as color‐labile during retail display.
Metmyoglobin reducing activity (MRA) indicates the ability of meat to reduce
ferric metmyoglobin to ferrous redox forms. Results of MRA are presented in figure 3.
OSM exhibited greater (P < 0.05) MRA compared to ISM during the retail display, and this
observation was consistent with the results of R630/580 and a* values. In support,
Sammel et al. (2002a) also reported similar results with MRA in beef semimembranosus
muscles.
In the present study, the muscles were fabricated 48 h post‐mortem, and the pH
values demonstrated no difference (P > 0.05) between the ISM and OSM (Table 1) on day
0 and rest of the retail display. In contrast, previous reports attributed the differential
rates of post‐mortem temperature fall and pH decline as probable causes for the
differential color stability in ISM and OSM. Sammel et al. (2002a) reported a statistically
higher pH for ISM (5.59) compared to OSM (5.54) steaks, although the numerical
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difference was small. Further, partial hot‐boned ISM and OSM exhibited similar rate of
temperature fall and pH decline, and demonstrated similar color attributes (Sammel et
al., 2002b).
No difference (P > 0.05) in TBARS (Table 1) was observed between ISM and OSM
during retail display. In support, Sawyer et al. (2007) also reported similar TBARS values
for the four quadrants of beef semimembranosus muscle. On the other hand, Pastsart et
al. (2013) observed that although inside and outside beef biceps femoris regions
demonstrated similar TBARS on day 0 of retail display, inside region exhibited greater
TBARS than outside by day 10.

3.3.2. Sarcoplasmic proteome analyses
The gel image of ISM is presented in figure 4, where 186 protein spots were
identified by image analyses. Fifteen spots were differentially abundant in ISM and OSM
48 h post‐mortem, and they are encircled and numbered. These spots exhibited 1.5‐fold
difference (P < 0.01) between ISM and OSM. Among the differentially abundant spots, 10
were over‐abundant in OSM, whereas 5 spots were over‐abundant in ISM. Tandem mass
spectrometry determined the identity of differentially abundant spots, and all proteins
were matched to the bovine family (Bos taurus) in the NCBI database (Table 2). Six
proteins were identified to be differentially abundant between ISM and OSM (Table 2).
Of these, triosephosphate isomerase and creatine kinase M‐type were over‐abundant in
OSM, whereas beta‐enolase, fructose‐bisphosphate aldolase A, phosphoglycerate
mutase 2, and phosphatidylethanolamine‐binding protein 1 were over‐abundant in ISM
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(Table 2). Several spots with similar molecular weight, but different isoelectric point (pI),
were identified as the same protein; therefore, only 6 proteins were identified to be
differentially abundant. Detection of protein isoforms in 2‐DE gels have been reported
previously (Joseph et al., 2012) and could be attributed to post‐translational modification
such as phosphorylation (Anderson et al., 2014). Phosphorylation could lead to acidic shift
in pI of proteins (Maurides et al., 1989; Zhu et al., 2005). Nonetheless, phosphorylation
was not confirmed in the present study. Previous research on intermuscular variation in
beef color stability reported differential abundance of sixteen proteins between color‐
stable (longissimus lumborum) and color‐labile (psoas major) muscles (Joseph et al.,
2012). However, the present study is the first one to investigate the proteomic basis for
the intramuscular variation in beef color stability.

3.3.3. Correlation of differentially abundant proteins with color traits
The correlation between differentially abundant sarcoplasmic proteins and meat
color attributes is presented in Table 3. Creatine kinase M‐type and triosephosphate
isomerase exhibited positive correlation (P < 0.05) with MRA and R630/580 (color
stability), whereas beta‐enolase and phosphoglycerate mutase 2 exhibited negative
correlation (P < 0.05) with MRA and R630/580. In addition, fructose‐bisphosphate
aldolase A, and phosphatidylethanolamine‐binding protein 1 exhibited negative
correlation (P < 0.05) with MRA.
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3.3.4. Functional roles of differentially abundant proteins
The functional roles of differentially abundant proteins are listed in Table 4. Beta‐
enolase, fructose‐bisphosphate aldolase A, phosphoglycerate mutase 2, and
triosephosphate isomerase are involved in glycolysis, whereas creatine kinase M‐type and
phosphatidylethanolamine‐binding protein is involved in ATP regeneration and ATP
binding, respectively. Among the glycolytic enzymes, fructose‐bisphosphate aldolase A,
phosphoglycerate mutase 2, and beta‐enolase were over‐abundant (P < 0.01) in color‐
labile ISM whereas triosephosphate isomerase was over‐abundant (P < 0.01) in color‐
stable OSM.
Fructose‐bisphosphate aldolase A, also known as muscle‐type aldolase
(www.uniprot.org) is an enzyme catalyzing the cleavage of fructose 1, 6‐bisphosphate to
glyceraldehyde 3‐phosphate and dihydroxyacetone phosphate; it exhibited a negative
correlation (P < 0.05) with MRA. On their investigations on pork quality, Zelechowska et
al., (2012) reported that aldolase A present in the drip exhibited a positive correlation to
b* values of longissimus chops. Furthermore, a greater level of aldolase activity was
observed in rabbit meat with higher glycolytic characteristics compared to the control
group (Ramirez et al., 2004).
Triosephosphate isomerase is also a glycolytic enzyme, which catalyzes the
interconversion of glyceraldehyde 3‐phosphate and dihydroxyacetone phosphate (Albery
and Knowles, 1976). Five spots (spots 51–55 in figure 4) were identified as
triosephosphate isomerase, were of over‐abundance (P < 0.01) in color‐stable OSM, and
exhibited positive correlation (P < 0.05) with MRA and R630/580. In support, Joseph et al.
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(2012) also reported over‐abundance of triosephosphate isomerase in color‐stable beef
longissimus lumborum in comparison with color‐labile psoas major.
Phosphoglycerate mutase 2 was over‐abundant (P < 0.01) in color‐labile ISM and
is involved in the interconversion of 3‐ and 2‐phosophoglycerate during glycolysis
(Grisolia and Carreras, 1975). Two spots (spots 11 and 12 in Figure 4) were identified as
beta‐enolase (enolase 3), another glycolytic enzyme that was over‐abundant (P < 0.01) in
color‐labile ISM. Beta‐enolase is involved in the conversion of 2‐phosphoglycerate to
phosphoenolpyruvate during glycolysis (Hoorn et al., 1974). However, Joseph et al. (2012)
reported that beta‐enolase was over‐abundant in color‐stable longissimus lumborum
compared to color‐labile psoas major. In the present study, beta‐enolase exhibited a
negative correlation with MRA and R630/580 (P < 0.05), whereas previous research
(Joseph et al., 2012) reported a positive correlation between this protein and a* value.
Hunt and Hedrick (1977a) examined the fiber type composition of the inner and
outer regions of beef semimembranosus and reported that the inner region tends to have
a greater percentage of white fibers and greater anaerobiosis than the outer region. The
differences in the fiber‐type composition and metabolism could affect post‐mortem
biochemistry of ISM and OSM (Cassens and Cooper, 1971; Klont et al., 1998). Shibata et
al. (2009) compared the sarcoplasmic proteome of the semitendinosus muscles in grass‐
fed and grain‐fed Japanese Black cattle and documented a differential abundance of
glycolytic enzymes; the abundance of glycolytic enzymes such as beta‐enolase 3, fructose‐
1, 6‐phosphate aldolase A, and triosephosphate isomerase was greater in grain‐fed
animals compared to their grass‐fed counterparts suggesting a possible shift in muscle
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fiber type from slow‐twitch to fast‐twitch. Proteome analyses of pork semimembranosus
muscles categorized on the basis of extreme L* (lightness) values revealed that light
muscles were over‐abundant in glycolytic enzymes, whereas oxidative enzymes were
over‐expressed in dark muscles (Sayd et al., 2006). In agreement, in the present study,
ISM demonstrated over‐abundance of glycolytic enzymes and lighter appearance (greater
L* values) compared to OSM.
Phosphatidylethanolamine‐binding protein 1 was over‐abundant (P < 0.01) in
color‐labile ISM steaks and exhibited a negative correlation with MRA (P < 0.05). This
protein binds with phosphatidylethanolamine and nucleotides such as ATP. Shibata et al.
(2009) reported greater abundance of phosphatidylethanolamine binding protein in
bovine semitendinosus muscles of grass‐fed Japanese Black cattle compared to grain‐fed
cattle. However, the potential mechanism by which phosphatidylethanolamine binding
protein 1 influences meat color is yet to be clear and needs further research.
Five protein spots (spots 21‐25 in Figure 4) were identified as creatine kinase M‐
type. This protein was abundant (P < 0.01) in color‐stable OSM and exhibited positive
correlation with MRA and R630/580 (P < 0.05). In agreement with our results, previous
studies by Joseph et al. (2012) reported a greater abundance of creatine kinase M‐type in
color‐stable beef longissimus lumborum steaks than in color‐labile psoas major steaks;
moreover, a positive correlation was observed between the enzyme and a* values.
Creatine kinase plays critical role in maintaining the ATP‐ADP levels immediate post‐
mortem by catalyzing the interconversion of ADP and phosphocreatine to ATP and
creatine. Creatine can act as antioxidant by scavenging free radicals (Lawler et al., 2002).
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The antioxidant properties of creatine have been reported previously (Lawler et al., 2002;
Ryter et al., 2007) and reviewed (Sestili et al., 2011). Antioxidants can minimize meat
discoloration by decreasing lipid oxidation and thereby limiting metmyoglobin formation
(Decker, Livisay, & Zhou, 2000). The over‐abundance of creatine kinase M‐type in color‐
stable OSM steaks can possibly increase creatine levels, which can minimize myoglobin
oxidation and improve meat color stability.

3.4. Possible mechanisms through which differentially abundant proteins influence
intramuscular color stability variations in beef semimembranosus
During the early post‐mortem period, ISM chills at a much slower rate than OSM
due to its location in the carcass (Sammel et al., 2002b). This along with the over‐
abundance of glycolytic enzymes in the ISM suggests a predominance of glycolytic
metabolism and intense glycolysis during the post‐mortem period. The difference in
glycolytic metabolism can cause differential rate of pH decline (due to accumulation of
lactate) between ISM and OSM. In support, Tarrant (1977) reported pH fall rate of 0.07,
0.16, and 0.25 units per hour during 1–6 h post‐mortem at depth of 1.5, 5, and 8 cm
respectively from the surface of beef semimembranosus muscle. Nonetheless, all these
locations exhibited similar ultimate pH values after 24 h. In the present study, the ISM
and OSM exhibited similar (P > 0.05) ultimate pH values 48 h post‐mortem.
Rapid post‐mortem glycolysis and elevated muscle temperature are associated
with rapid pH decline and development of PSE (pale, soft, exudative) condition in pork
(Warriss and Brown, 1987; Fernandez et al., 1994). Sammel et al. (2002b) observed a
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difference in pH fall rate between ISM and OSM by 3 h post‐mortem, with pH of cold‐
boned ISM declining rapidly from above 6.5 to 5.6, whereas the pH values of cold‐boned
OSM and hot‐boned ISM remained above 6 until 8 h post‐mortem. In deeper parts of
semimembranosus, pH values below 6.0 were reported at carcass temperatures above
30°C (Tarrant, 1977), and these conditions are known to denature muscle proteins leading
to PSE‐like conditions in beef (Hunt and Hedrick, 1977a, 1977b; Fischer and Hamm, 1980;
Aalhus et al., 1998; Warner et al., 2014; Kim et al., 2014). Zhu and Brewer (2003) observed
that the myoglobin redox stability and metmyoglobin reducing ability decreased when
the globin moiety of myoglobin molecule was denatured. Further, these authors reported
a decrease in metmyoglobin reducing ability at pH values less than 6 and suggested that
significant pH decline during first 24–36 h post‐mortem can cause loss of myoglobin
functionality, thereby promoting discoloration. Ledward (1985) also reported that the
rate of metmyoglobin formation increases with decreasing pH and increasing
temperature. A rapid pH decline (possibly due to increased glycolytic metabolism)
coupled with high temperature could potentially cause greater myoglobin oxidation as
well as denaturation in ISM leading to its decreased color stability during display.
Recently, Kim et al. (2014) reviewed the effects of high rigor temperature and fast
pH fall on muscle proteins and meat quality, and attributed the paler color and the
decreased color stability of high temperature‐low pH muscles to protein denaturation,
altered oxygen consumption by endogenous enzymes, and/or metmyoglobin reducing
ability. Furthermore, Zhu and Brewer (1998) suggested that the lower metmyoglobin
reductase activity and greater metmyoglobin accumulation in PSE pork is due to enzyme
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denaturation by the rapid pH decline and high temperature condition. In the present
study, ISM also demonstrated lower (P < 0.05) MRA during retail display, and could be
attributed to the denaturing conditions present in ISM.
Muscles exhibiting PSE condition tends to be lighter in appearance than normal
muscles due to increased protein denaturation and light scattering. In the present study,
ISM exhibited greater (P < 0.05) L* value (lightness) compared to OSM. Furthermore, Hunt
& Hendrik (1977a) reported that ISM was softer, more exudative, and had higher
transmission and lower water holding capacity than OSM. In addition, Kim et al. (2010)
reported that increased protein denaturation in ISM leads to decreased proteolysis by
slowing µ‐calpain autolysis. These reports along with the results of the present study
indicate that the difference in color stability between the ISM and OSM could be possibly
due to PSE‐like circumstances in ISM, such as rapid post‐mortem glycolysis and decline in
pH while muscle temperature is high.

3.5. Conclusions
The findings of the present study indicated that the differential abundance of
sarcoplasmic proteome contributes to intramuscular variation in beef color stability. The
low color stablity of ISM could be possibly due to its rapid post‐mortem glycolysis, as
indicated by the greater abundance of glycolytic enzymes (fructose‐bisphosphate
aldolase A, phosphoglycerate mutase 2, and beta‐enolase) in ISM. Rapid glycolysis during
the post‐mortem period could cause rapid pH decline while muscle temperature is high,
leading to PSE‐like conditions in beef ISM. The results of the present study will aid
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explaining the fundamental mechanisms of intra‐muscular color variations in beef and
could be utilized to engineer novel carcass handling, antioxidant, injection enhancement,
and packaging strategies to improve beef olor stability.
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Figure 3.1: Surface redness (a* value) of beef inside (ISM) and outside semimembranosus
(OSM) steaks (n = 8) during refrigerated retail display (2°C) for 4 days under aerobic
packaging.
Standard error bars are indicated.
Means without common superscripts are different (P < 0.05).
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Figure 3.2: Surface color stability (R630/580) of beef inside (ISM) and outside
semimembranosus (OSM) steaks (n = 8) during refrigerated retail display (2°C) for 4 days
under aerobic packaging.
Standard error bars are indicated.
Means without common superscripts are different (P < 0.05).
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Figure 3.3: Metmyoglobin reducing activity (MRA) of beef inside (ISM) and outside
semimembranosus (OSM) steaks (n = 8) during refrigerated retail display (2°C) for 4 days
under aerobic packaging.
Standard error bars are indicated.
Means without common superscripts are different (P < 0.05).

70
a

ISM
OSM

60
b

MRA

50

40

d

c

30

20

e
f

10

0
Day 0

Day 2

114

Day 4

Figure 3.4: Coomassie‐stained two‐dimensional gel of the sarcoplasmic proteome
extracted from beef inside semimembranosus muscle (ISM). Differentially abundant (P <
0.01) protein spots in ISM and outside semimembranosus muscle (OSM) are encircled and
numbered.
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Table 3.1: Instrumental color and biochemical attributes of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8)
during refrigerated retail display (2°C) for 4 days under aerobic packaging.
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Attribute
L* value

Muscle
ISM
OSM

Display days
0
49.11 ± 0.69 ax
39.63 ± 0.80 ay

b* value

ISM
OSM

27.29 ± 0.53 ax
24.80 ± 0.81ay

22.67 ± 0.41bx
23.32 ± 0.56 bx

19.80 ± 0.23 cx
20.63 ± 0.31 cx

Chroma

ISM
OSM

44.58 ± 0.67 ax
41.21 ± 1.03 ay

35.60 ± 0.83 bx
37.94 ± 0.76 by

29.84 ± 0.71cx
33.57 ± 0.47cy

Hue

ISM
OSM

37.72 ± 0.23 ax
36.95 ± 0.38 ax

39.60 ± 0.33 bx
37.92 ± 0.26 by

41.75 ± 0.89 cx
37.93 ± 0.21ay

pH

ISM
OSM

5.38 ± 0.01bx
5.36 ± 0.01bx

5.42 ± 0.01ax
5.43 ± 0.02 ax

5.42 ± 0.01 ax
5.41 ± 0.01 ax

TBARS

ISM
OSM

0.016 ± 0.002 bx
0.016 ± 0.001cx

0.077 ± 0.020 ax
0.079 ± 0.020 bx

0.134 ± 0.025 ax
0.159 ± 0.038 ax

a–c
x–y

2
47.29 ± 1.28 ax
40.77 ± 0.62 ay

4
47.82 ± 1.14ax
40.04 ± 0.44 ay

Means without common superscripts in a row are different (P < 0.05).
Means without common superscripts in a column within an attribute are different (P < 0.05).

Table 3.2. Differentially abundant sarcoplasmic proteins in beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8)
identified by tandem mass spectrometry.
Spot a
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11
12
21
22
23
24
25
3
4
51
52
53
54
55
6

a

Protein

Accession
number

Species

Beta‐enolase
Beta‐enolase
Creatine kinase M‐type
Creatine kinase M‐type
Creatine kinase M‐type
Creatine kinase M‐type
Creatine kinase M‐type
Fructose‐bisphosphate aldolase A
Phosphoglycerate mutase 2
Triosephosphate isomerase
Triosephosphate isomerase
Triosephosphate isomerase
Triosephosphate isomerase
Triosephosphate isomerase
Phosphatidylethanolamine‐binding
protein 1

Q3ZC09
Q3ZC09
Q9XSC6
Q9XSC6
Q9XSC6
Q9XSC6
Q9XSC6
gi│156120479
Q32KV0
Q5E956
Q5E956
Q5E956
Q5E956
Q5E956
P13696

Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus
Bos taurus

Prot
score/matc
hed
peptides
12.58/7
8.62/4
10.05/5
16.03/9
14.12/8
10.00/6
18.27/11
4.00/4
4.66/2
9.38/5
12.01/7
12.01/8
11.70/7
12.00/7
4.45/2

Sequence Over‐
Spot ratio
coverage abundant
(%)
25.1
23.5
19.4
29.1
24.9
15.8
33.3
27.2
22.1
31.3
37.0
37.0
44.6
35.7
28.3

ISM
ISM
OSM
OSM
OSM
OSM
OSM
ISM
ISM
OSM
OSM
OSM
OSM
OSM
ISM

1.52 b
1.57 b
2.33 c
11.11 c
11.11 c
12.50 c
5.26 c
3.11 b
2.11 b
1.75 c
1.64 c
1.85 c
1.64 c
1.75 c
2.11 b

Spot number refers to the numbered spots in the gel image (Figure 4)
For each spot, parameters related to protein identification are provided, including accession number; ProtScore and number of
matched peptides; sequence coverage of peptides in tandem mass spectrometry
b
Spot ratio of ISM/OSM
c
Spot ratio of OSM/ISM

Table 3.3: Correlation of differentially abundant sarcoplasmic proteins in beef inside (ISM) and outside semimembranosus (OSM)
steaks (n = 8) with color attributes.
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Protein
Beta‐enolase

Over‐abundant
ISM

Attribute
MRA
R630/580

Correlation coefficient
–0.65
–0.51

Creatine kinase M‐type

OSM

MRA
R630/580

+0.82
+0.72

Fructose‐bisphosphate aldolase A

ISM

MRA

–0.66

Phosphoglycerate mutase 2

ISM

MRA
R630/580

–0.76
–0.59

Triosephosphate isomerase

OSM

MRA
R630/580

+0.74
+0.66

Phosphatidylethanolamine‐binding protein 1

ISM

MRA

–0.57

Table 3.4: Functional roles of the differentially abundant sarcoplasmic proteins in beef inside (ISM) and outside semimembranosus
(OSM) steaks.
Protein
Beta‐enolase
Creatine kinase M‐type
Fructose‐bisphosphate aldolase A
Phosphoglycerate mutase 2
Triosephosphate isomerase
Phosphatidylethanolamine‐binding protein 1

Functional category
Glycolytic enzyme
ATP regeneration
Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme
ATP‐binding

Over‐abundant
ISM
OSM
ISM
ISM
OSM
ISM
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CHAPTER 4

Intramuscular variations in color and sarcoplasmic proteome of beef
semimembranosus during wet‐aging
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Abstract
Beef semimembranosus exhibits intramuscular difference in color stability, and
the inside region (ISM) of the muscle is color‐labile, whereas the outside region (OSM) is
color‐stable. Variations in sarcoplasmic proteins are known to contribute to this
intramuscular color difference. Sarcoplasmic proteome and beef color are affected by the
postmortem aging. The objective of the present study was to examine the effect of aging
on intramuscular color variations and the sarcoplasmic proteome of beef
semimembranosus. Semimembranosus muscles obtained from eight beef carcasses (n=8)
were subjected to aging at 2°C for 0, 7, 14, and 21 days. On each aging day, the muscles
were fabricated into ISM and OSM steaks and allotted to refrigerated storage (2°C) under
aerobic packaging. Instrumental color and other biochemical attributes were evaluated
on days 0, 3, and 6 of storage. Samples frozen on day 0 and day 21 of aging were utilized
for sarcoplasmic proteome analysis, and differentially abundant proteins were identified.
Color attributes of both ISM and OSM steaks were influenced by aging, with steaks aged
for 21‐days having the lowest (P < 0.05) color stability. The ISM steaks had greater (P <
0.05) lightness than OSM counterparts, and the difference in lightness was not negated
by aging. After aging, ISM and OSM had similar (P > 0.05) redness on day 0 of storage,
whereas ISM had lower (P < 0.05) redness compared to OSM on day 3 and day 6 of
storage. Several proteins associated with glycolysis and energy metabolism were of
greater abundance (P < 0.05) in OSM than ISM after 21‐day aging. Furthermore, the
influence of 21‐day aging on sarcoplasmic proteome was observed at a greater extent in
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OSM than in ISM, indicating that the effect of aging on sarcoplasmic proteome of beef
semimembranosus was influenced by the location within the muscle.
Keywords: meat color, proteomics, intramuscular variation, muscle‐specificity,
semimembranosus , color stability
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4.1. Introduction
Surface color and color stability are critical determinants of consumer acceptance
of fresh meat, and have significant economic impact on the US beef industry (Smith et al.,
2002). Beef color stability is a muscle‐specific trait, and various muscles in a beef carcass
discolor at different rates (Hunt and Hedrick, 1977a; O’Keeffe and Hood, 1982; McKenna
et al., 2005). From this standpoint, the biochemical bases of intermuscular variations in
beef color have been studied extensively (McKenna et al., 2005; Seyfert et al., 2006;
Joseph et al., 2012; Wu et al., 2016).
Semimembranosus is a large muscle in the beef hindquarter and exhibits
intramuscular variation in color (two‐toned color). Based on the color and location within
the carcass, beef semimembranosus is separated into outside (OSM) and inside (ISM)
regions (Hunt and Hedrick 1977a). OSM is darker in appearance and color‐stable during
retail display compared to ISM, which is lighter and color‐labile (Sammel et al., 2002a).
ISM chills at a slower rate than OSM during the postmortem storage due to its internal
location within the carcass, leading to variations in temperature and pH within the same
muscle (Sammel et al., 2002a). Tarrant (1977) observed pH values below 6.0 in ISM even
when carcass temperature was above 30°C.
Proteomic approaches have characterized the fundamental basis of color stability
variations in fresh beef, such as muscle‐specificity (Joseph et al., 2012; Wu et al., 2016)
and animal effect (Canto et al., 2015). Previous investigations (Nair et al., 2016) on beef
ISM and OSM steaks (prior to aging) reported an increased abundance of glycolytic
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enzymes in sarcoplasmic proteome of ISM, which could possibly lead to a faster pH drop
in ISM during the postmortem period while the carcass temperature is still high. This high
temperature‐low pH combination is known to denature muscle proteins leading to PSE‐
like conditions in beef (Hunt and Hedrick, 1977a, 1977b; Fischer and Hamm, 1980; Aalhus
et al., 1998; Warner et al., 2014; Kim et al., 2014). Furthermore, such conditions promote
myoglobin oxidation and denaturation, thereby compromising meat color stability
(Suman and Joseph, 2013; Faustman and Suman, 2017).
Postmortem aging is a common industry practice to improve beef quality
attributes such as flavor and tenderness. However, aging can also influence meat color,
especially the initial color intensity (bloom) and the color stability during subsequent
retail display (Lee et al., 2008; Mancini and Ramanathan, 2014; English et al., 2016).
Marino et al. (2014) reported that aging can affect color, pH, and water holding capacity
of meat by altering the sarcoplasmic protein patterns. Moreover, previous research
(Chapter 2) reported that aging affects intermuscular variations in color and the
sarcoplasmic proteome profile. However, the effect of aging on intramuscular color
variations and the sarcoplasmic proteome profile of beef semimembranosus has not been
examined yet. Therefore, the objective of the current study was to examine the effect of
wet‐aging for 0, 7, 14, or 21 days on color attributes of beef ISM and OSM steaks. Further,
the variations in the sarcoplasmic proteome profile of ISM and OSM after 0‐ and 21‐day
aging were examined.
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4.2. Materials and Methods
4.2.1. Beef fabrication
Beef carcasses (n = 8; USDA Choice; A maturity) were obtained from the USDA‐
inspected meat laboratory at the University of Kentucky. At 24 h postmortem,
semimembranosus muscle was separated from both sides of the carcass, and divided into
two‐equal length sections, resulting in four sections per carcass. Each muscle section was
randomly assigned to wet‐aging at 2°C for 0, 7, 14, or 21 days after vacuum packaging. At
the end of each aging period, the muscles were fabricated into 1.92‐cm thick ISM and
OSM steaks based on their location and visual color. During fabrication, samples for
proteome analysis were collected from 0‐day aged and 21‐day aged ISM and OSM, and
were frozen in vacuum packaging at –80°C until protein extraction for proteome analysis.
Six steaks were packaged individually in Styrofoam trays and was overwrapped with
oxygen‐permeable polyvinyl chloride film (15,500 − 16,275 cm3/m2/24 h oxygen
transmission rate at 23°C), and were allocated for refrigerated storage (2°C). Two steaks
were utilized on each storage day for evaluating instrumental color parameters and
biochemical attributes.

4.2.2. Instrumental color
The instrumental color attributes (CIE L*a*b*, hue, and chroma) were evaluated
using a HunterLab LabScan XE colorimeter (Hunter Associates Laboratory, Reston, VA,
USA) with a 2.54 cm diameter aperture, illuminant A, and 10° standard observer. The
steaks were allowed to bloom for 2 h (at 2°C) after fabrication on day 0 of storage (on
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each aging day) before color measurement. The color readings were obtained from three
random locations and averaged. The colorimeter was calibrated with standard black and
white plates. Ratio of reflectance at 630 nm and 580 nm (R630/580) obtained from the
colorimeter was used to estimate the surface color stability (AMSA 2012).

4.2.3. Meat pH
Five‐gram samples (in duplicate) were homogenized in 30 mL distilled deionized
water. The pH of the homogenate was measured using an Accumet AR25 pH‐meter
(Fisher Scientific, Pittsburgh, PA, USA).

4.2.4. Lipid oxidation
Five‐gram representative samples devoid of fat and connective tissue obtained
randomly from multiple locations of the steaks were used for measuring lipid oxidation
by thiobarbituric acid assay (Yin et al., 1993). The samples were mixed with 22.5 mL of
trichloroacetic acid (11%) and homogenized in a Waring blender (Waring Commercial,
Torrington, CT, USA). The filtrate (1 mL) obtained using Whatman No. 1 filter paper was
mixed with 1 mL of aqueous thiobarbituric acid (20 mM) and incubated at 25°C for 20 h.
After incubation, absorbance at 532 nm was measured spectrophotometrically (UV‐2401
spectrophotometer, Shimadzu Inc., Columbia, MD, USA) and the results were reported as
thiobarbituric acid reactive substances (TBARS).
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4.2.5. Metmyoglobin reducing activity (MRA)
Metmyoglobin reducing activity (MRA) was evaluated using methodology by
Sammel et al. (2002b). Cubes of meat (2.5 x 2.5 x 2.5 cm) with minimal fat and connective
tissue were obtained from the surface of the steaks and immersed in 0.3% sodium nitrite
solution (Sigma, St. Louis, MO) for 20 min. This will facilitate conversion of the surface
myoglobin to metmyoglobin. After 20 min, samples were removed from the solution,
blotted dry, and vacuum packaged. The surface reflectance spectra from 700 to 400 nm
was obtained using HunterLab LabScan XE colorimeter and was used to calculate the
surface metmyoglobin percentage (pre‐incubation). The samples were incubated at 30°C
for 2h to facilitate metmyoglobin reduction. After incubation, reflectance data were
obtained again to calculate the post‐incubation metmyoglobin percentages (AMSA,
2012). MRA was calculated using the equation: MRA = 100 x [(% pre‐incubation surface
metmyoglobin – % post‐incubation surface metmyoglobin)/ % pre‐incubation surface
metmyoglobin].

4.2.6. Isolation of sarcoplasmic proteome
ISM and OSM samples aged for 0‐day (ISM0 and OSM0) and 21‐day (ISM21 and
OSM21) were used for sarcoplasmic proteome profiling. Samples (n = 8) frozen at –80°C
during fabrication were used for proteome isolation as described previously (Joseph et
al., 2012). Five‐gram frozen muscle tissue devoid of any visible fat and connective tissue
was homogenized in 25 mL ice‐cold extraction buffer (40 mM Tris, 5 mM EDTA, pH 8.0)
using a Waring blender (Waring Commercial, Torrington, CT, USA). The homogenate was
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further centrifuged at 10000 x g for 15 min. After centrifugation, the supernatant was
filtered using Whatman No. 1 filter paper, and the sarcoplasmic proteome extract
obtained was utilized for subsequent analysis.

4.2.7. Two‐dimensional electrophoresis (2‐DE)
Bradford assay using the Bio‐Rad Protein Assay kit (Bio‐Rad, Hercules, CA, USA)
was utilized to determine the protein concentration of the sarcoplasmic proteome extract
from each sample (Bradford, 1976). The sarcoplasmic proteome (900 μg) was mixed with
rehydration buffer (7 M urea, 2 M thiourea, 20 mM DTT, 4% CHAPS, 0.5% Bio‐Lyte 5/8
ampholyte, and 0.001% Bromophenol blue) and was loaded on to immobilized pH
gradient (IPG) strips (pH 5−8, 17 cm; Bio‐Rad). The strips were subjected to passive
rehydration for 16 h. Isoelectric focusing (the first dimension separation) allows
separation of proteins based on isoelectric point and was done using a Protean IEF Cell
system (Bio‐Rad). A low voltage (50 V) was applied during the initial active rehydration (4
h), followed by a linear increase in voltage and a final rapid voltage ramping to attain a
total of 60 kVh. The IPG strips were then equilibrated with equilibration buffer I (6 M urea,
0.375 M Tris‐HCl, pH 8.8, 2% SDS, 20% glycerol, 2% (w/v) DTT; Bio‐Rad) followed by
equilibration buffer II (6 M urea, 0.375 M Tris‐HCl, pH 8.8, 2% SDS, 20% glycerol, 2.5%
(w/v) iodoacetamide; Bio‐Rad) for 15 min each. The second dimension was resolved
based on molecular weight on 13.5% SDS polyacrylamide gel (38.5:1 ratio of acrylamide
to bis‐acrylamide) using a Protean II Multicell electrophoresis system. The equilibrated
strips were loaded on to the gel using an agarose overlay and electrophoresis was run
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using running buffer (25 mM Tris, 192 mM Glycine, 0.1 % SDS). Each sample (ISM or OSM;
n = 8) on each aging day (0 or 21) was run in duplicate. The gels were washed in de‐ionized
water for 15 m and stained for 48 h using colloidal Coomassie Blue to visualize the protein
spots. Gels were then destained in de‐ionized water for 48h or until sufficient background
clearing was achieved.

4.2.8. Gel image analysis
VersaDoc imager (Bio‐Rad) was used to obtain the gel images, and PDQUEST
software (Version 7.3.1; Bio‐Rad) was used for subsequent image analysis. Three
comparisons were made during image analysis: (1) ISM and OSM after 21‐days aging
(ISM21 vs. OSM21); (2) OSM before and after 21‐day aging (OSM0 vs. OSM21); and (3)
ISM before and after 21‐day aging (ISM0 vs. ISM21). The sarcoplasmic proteome analysis
of ISM and OSM before aging (ISM0 vs. OSM0) has been reported previously (Nair et al.,
2016), and therefore was not repeated in the current study. All gel images were processed
and analyzed under similar parameters. Images were first subjected to automatic spot
detection and matching optimized by the aid of landmark protein spots, and the matched
spots were normalized as a percentage of the total volume of all spots detected on the
gel. A spot was considered to be differentially abundant when it demonstrated 1.5–fold
intensity difference between the treatments and was associated with P < 0.05 in a
pairwise Student’s t‐test.
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4.2.9. Liquid chromatography‐electrospray ionization‐tandem mass spectrometry (LC–
ESI–MS/MS) analysis
Duplicate spots from the corresponding gels were subjected to mass
spectrometric analysis for confirmation of protein identity. The protein spots
differentially abundant between the treatments were excised from the gel and subjected
to dithiothreitol reduction, iodoacetamide alkylation, and in‐gel trypsin digestion. The
resulting peptides were extracted, concentrated, and injected for nano‐LC–MS/MS
analysis using an LTQ‐Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham,
MA) coupled with an Eksigent Nanoflex cHiPLC™ system (Eksigent, Dublin, CA) through a
nano electrospray ionization source. The separation of peptides was achieved using a
reversed phase cHiPLC column (75 μm × 150 mm) operated at a flow rate of 300 nL/min.
Mobile phase A consisted of water with 0.1% (v/v) formic acid and mobile phase B
contained acetonitrile with 0.1% (v/v) formic acid. A 50 min gradient was applied: initial
3% mobile phase B was increased linearly to 50% in 24 min and further to 85% and 95%
for 5 min each before it was decreased to 3%, and the column was re‐equilibrated. The
mass analysis method consisted of eight scan events per segment. The first scan event
was an Orbitrap MS scan (100–1600 m/z) with 60,000 resolutions for parent ions which
was followed by data dependent MS/MS for fragmentation of the 7 most intense ions
through collision induced dissociation (CID).
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4.2.10. MS/MS protein identification
For MS/MS protein identification, the LC–MS/MS data were submitted to a local
Mascot server via Proteome Discoverer (version 1.3, Thermo Fisher Scientific, Waltham,
MA) against a Bos taurus database from National Center for Biotechnology Information
(NCBI). The MASCOT MS/MS ion search was done using the following parameters: trypsin
digest with a maximum of two miscleavages, cysteine carbamidomethylation, methionine
oxidation, a maximum of 10 ppm MS error tolerance, and a maximum of 0.8 Da MS/MS
error tolerance. A decoy database was built and searched. Filter settings that determine
false discovery rates (FDR) were used to distribute the confidence indicators for the
peptide matches. Peptide matches that pass the filter associated with the strict FDR
(target setting of 0.01) are assigned as high confidence. For the MS/MS ion search,
proteins with two or more high confidence peptides were considered unambiguous
identifications without manual inspection. Proteins identified with one high confidence
peptide were manually inspected and confirmed.

4.2.11. Statistical analysis
ISM and OSM from eight beef carcasses (n = 8) were utilized in the experiment.
The experimental design was a split‐split plot with muscle type (ISM and OSM) as whole
plot and aging time (0, 7, 14, 21) as subplot. For color characteristics, display days (0, 3,
and 6 days) was set as sub‐sub plot. Carcass was considered as random effect. The data
were analyzed using PROC MIXED procedure of SAS (Version 9.4; SAS Institute Inc.) and
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the difference in means were detected using the least significant difference (LSD) at 5%
level.

4.3. Results and Discussion
4.3.1. Instrumental color and biochemical attributes
There was no three‐way interaction (aging x muscle x storage) for surface lightness
(L* value) of the steaks (P = 0.6092; Table 1). Muscle specificity (P = 0.0002) in L* value
was observed, with ISM having greater lightness than OSM throughout the storage. The
difference in lightness between the two regions of semimembranosus muscle is one of
the most distinguishable characteristics, with ISM looking paler in color compared to
darker OSM. Aging for 21‐days was unable to negate the difference in lightness between
ISM and OSM. The L* value of the muscles increased with aging (P < 0.0001), with the 7‐
day aged steaks having greater (P = 0.0315) lightness than non‐aged (0‐day aged) steaks.
However, there was no significant increase in lightness with further aging; i.e., the 7‐day
aged samples had similar lightness as the 14‐day and 21‐day aged samples. The L* value
decreased during storage for 6 days (P < 0.0001), and these results are in agreement with
our previous findings (Nair et al., 2016) and those of Sammel et al. (2002a) on ISM and
OSM.
The surface redness (a* value) of ISM and OSM after aging for 0, 7, 14, or 21 days
is presented in Table 2. There was no three‐way interaction of aging, muscle, and storage
(P = 0.5259). However, aging x muscle (P = 0.0076), aging x storage (P = 0.0005), and
muscle x storage (P < 0.0001) interactions were observed for surface redness. Although
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ISM and OSM had similar redness before aging (P = 0.6689), OSM had greater redness (P
< 0.05) than ISM after aging for 7, 14, and 21 days. Mancini and Ramanathan (2014)
reported that the initial color intensity (bloom) of beef longissimus lumborum increased
with longer aging time because of decreased mitochondrial oxygen consumption.
However, these authors reported that color stability was compromised during aging due
to the negative effects of storage time on mitochondria‐mediated metmyoglobin
reduction. Lee et al. (2008) reported that postmortem aging beyond 14 days adversely
affected the redness of beef gluteus medius.
ISM and OSM exhibited similar (P = 0.4666) redness on day 0 of storage after all
aging times, whereas ISM had lower surface redness than OSM on day 3 (P = 0.0023) and
day 6 (P = 0.0027) of storage. This observation is consistent with classification of OSM
steaks as color‐stable and ISM steaks as color‐labile. Although not statistically different,
the 0‐day aged ISM had a 3‐unit greater a* value than 0‐day aged OSM (32.75 in ISM vs.
29.13 in OSM) on day 0 of storage, indicating a difference in their blooming. However, the
difference in blooming was not observed after aging for 7‐days. These results indicate
that wet‐aging of semimembranosus muscle for at least 7‐days could possibly aid in
minimizing the difference in the initial redness between ISM and OSM.
In agreement with our results, previous research has also reported a greater
redness in ISM on the first day of display (no aging), whereas OSM had greater redness
during later display days (Sammel et al., 2002a; Nair et al., 2016). Sammel et al. (2002a)
attributed this difference to the greater muscle oxygen consumption rate (OCR) of OSM
compared to ISM. The greater OCR in OSM limits the oxygen available for myoglobin
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oxygenation resulting in lower blooming than in ISM. In the current study, the surface
redness of the steaks decreased with storage (P < 0.0001) as expected due to formation
of brown metmyoglobin.
Yellowness (b* value) of the steaks was affected by storage time (P < 0.0001; Table
3). ISM had greater yellowness (P = 0.0004) on day 0 of storage compared to OSM.
However, ISM and OSM demonstrated similar (P > 0.05) yellowness on day 3 and day 6 of
storage. Moreover, ISM exhibited greater yellowness than OSM after 0‐day aging,
whereas both ISM and OSM had similar (P > 0.05) yellowness on rest of the aging days.
Our observations are in agreement with previous research which also reported greater
b* values in ISM than OSM on day 0 of display (Nair et al., 2016; Sammel et al., 2002a).
Hue angle (trueness of red) data for beef ISM and OSM during storage are presented in
Table 4, and a large value for hue angle indicates low redness and high metmyoglobin
contents. Hue angle was influenced by aging, muscle source, and storage (P < 0.0001).
The hue angle increased (P < 0.0001) with storage in ISM and OSM, with ISM having a
greater value than OSM on all storage days. The chroma (saturation index) was also
affected by storage (P < 0.0001; Table 5) with values decreasing over storage days.
The color stability (R630/580) of ISM and OSM during storage after aging for 0, 7,
14, and 21 days is presented in Table 6. ISM steaks had lower (P = 0.0123) color stability
compared to OSM steaks, in agreement with the classification of ISM as color‐labile and
OSM as color‐stable. The 21‐day aged steaks had lower color stability (P < 0.05) compared
to their 0‐, 7‐, and 14‐ day aged counterparts. In agreement, English et al. (2016) reported
that extended aging adversely affected color stability of beef longissimus lumborum. The
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color stability also decreased (P < 0.0001) over the storage days, probably due to the
accumulation of metmyoglobin.
Metmyoglobin reducing activity (MRA) was also muscle‐specific, with OSM having
greater MRA values than ISM (P = 0.0001). MRA values decreased with storage in OSM (P
< 0.0001). However, in ISM, there was an increase (P < 0.05) in the observed MRA values
on day 6 of storage compared to day 3 when the steaks were aged (for 7, 14, or 21 days).
Such an increase was not observed in the 0‐day aged ISM steaks. A similar trend in MRA
values was observed during the later stages of storage in the color‐labile psoas major
muscle after aging (Chapter 2). One possible explanation for this unexpected observation
is that the combination of aging and long‐term storage of an already color‐labile ISM leads
to extensive mitochondrial damage and the release of mitochondrial reducing enzymes,
which in turn could lead to the observed increase in MRA values. Nonetheless,
mitochondrial degradation and functionality were not examined to confirm this
possibility.
The meat pH was not affected by location within the semimembranosus muscle
(P = 0.5368; Table 8). However, there was a slight increase (P < 0.0001) in pH with storage.
Previous research indicated that in spite of having similar ultimate pH, ISM had a rapid pH
fall rate than OSM during the early postmortem period, leading to pH values below 6.0 in
ISM even with carcass temperature above 30°C (Tarrant et al., 1977). Sammel et al.
(2002a) reported a slightly higher ultimate pH for ISM (5.59) compared with OSM (5.54)
steaks. However, after partial hot‐boning, ISM and OSM exhibited similar rate of pH
decline (Sammel et al., 2002a).
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Lipid oxidation (TBARS) was not affected by the muscle source (P = 0.9832; Table
9). However, TBARS increased with aging and storage (P < 0.0001). A greater lipid
oxidation can promote myoglobin oxidation leading to metmyoglobin accumulation,
which in turn compromises the meat color (Faustman et al., 2010). The observed increase
in lipid oxidation during storage concurred with the decrease in surface redness of the
steaks during storage.

4.3.2. Sarcoplasmic proteome profile variations between ISM and OSM aged for 21 days
The sarcoplasmic proteome profile of ISM and OSM after aging for 21 days (ISM21
vs. OSM21) was compared for determining the effect of muscle source. Image analysis
identified six protein spots differentially abundant between 21‐day aged ISM and OSM
steaks, and three proteins were identified by mass spectrometric analysis (Table 10).
Multiple protein spots with similar molecular weight, but different isoelectric point (pI),
were identified as the same protein, which could be attributed to the occurrence of
protein isoforms or post‐translational modifications such as phosphorylation (Canto et
al., 2015; Anderson et al., 2014). However, protein phosphorylation was not analyzed in
the present study to confirm this possibility.
The differentially abundant proteins were triosephosphate isomerase, beta‐
enolase, and creatine kinase M‐type. Triosephosphate isomerase is a glycolytic enzyme,
which

catalyzes

the

interconversion

of

glyceraldehyde

3‐phosphate

and

dihydroxyacetone phosphate (Albery and Knowles, 1976). The two spots identified as
triosephosphate isomerase were more abundant in OSM21 than in ISM21 (Table 10).
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Creatine kinase reversibly catalyzes the transfer of phosphate between ATP and creatine
phosphate, and plays a critical role in energy metabolism in postmortem muscles.
Creatine phosphate is utilized for the production of ATP with concomitant production of
creatine in postmortem skeletal muscles. Previous research indicated that creatine has
antioxidant properties (Sestili et al., 2011; Lawler et al., 2002), which could be beneficial
to minimize myoglobin oxidation in fresh meat. In the present study, two spots identified
as creatine kinase were more abundant in color‐stable OSM21, which indicated the
antioxidant effect of this protein in fresh beef. Beta‐enolase is also a glycolytic enzyme
catalyzing the conversion of 2‐phosphoglycerate to phosphoenolpyruvate, the ninth step
of glycolysis (Hoorn et al., 1974), and was more abundant in OSM21.
Our results are in agreement with previous research (Nair et al., 2016) on the
sarcoplasmic profile variations in ISM and OSM (48 h postmortem, no aging) that reported
a greater abundance of triosephosphate isomerase and creatine kinase M‐type in OSM
than ISM. The trend in the abundance of these enzymes was not influenced by aging for
21 days in the present study. However, Nair et al. (2016) reported a greater abundance
of beta‐enolase in ISM compared to OSM. In the present study, this trend reversed, and
OSM had greater abundance of beta‐enolase after 21 days of aging. Further, Nair et al.
(2016) reported greater abundance of other glycolytic enzymes such as fructose
bisphosphate aldolase A and phosphoglycerate mutase 2 in ISM compared to OSM.
However, these enzymes were not detected as differentially abundant after 21‐day aging.
In the present study, OSM21 had greater redness (P = 0.0314) and greater
abundance of the triosephosphate isomerase, beta‐enolase, and creatine kinase than
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ISM21. Joseph et al. (2012) also reported a greater abundance of beta‐enolase and
creatine kinase in color‐stable beef longissimus lumborum steaks than in color‐labile
psoas major steaks. Moreover, Nair et al. (Chapter 2) reported that the color‐stable
longissimus lumborum and semitendinosus steaks had greater abundance of glycolytic
enzymes and creatine kinase compared to psoas major steaks during postmortem aging.

4.3.3. Effect of 21‐day aging on sarcoplasmic proteome profile of OSM
Comparison of the proteome profile of OSM before and after 21 days aging (OSM0
vs. OSM21) identified ten protein spots as differentially abundant (P < 0.05; Table 11). The
proteins identified were protein degylcase DJ‐1, triosephosphate isomerase, myoglobin,
creatine kinase M‐type, and polyubiquitinc‐C. In general, these proteins were more
abundant in aged OSM (OSM21) compared to non‐aged OSM (OSM0), except for creatine
kinase. Multiple protein spots were identified as the same protein, and two protein spots
identified as creatine kinase were more abundant in OSM0. However, triosephosphate
isomerase, a glycolytic enzyme, was more abundant in OSM21 compared to OSM0.
Creatine kinase and triosephosphate isomerase were the only proteins associated
with energy metabolism to be differentially abundant between OSM0 and OSM21.
Overall, a differential abundance of proteins related to energy metabolism has been
previously reported (Joseph et al., 2012; Canto et al., 2015) to be associated with
differences in beef color stability, with color‐stable steaks demonstrating greater
abundance of these proteins than their color‐labile counterparts. However, in the present
study, both OSM0 and OSM21 steaks had similar redness after 21‐day aging (P = 0.3837).
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In this perspective, the differential abundance of creatine kinase and triosephosphate
isomerase observed in OSM0 and OSM21 is not readily explained.
Protein deglycase DJ‐1 is a molecular chaperone that protects cells against
oxidative stress and cell death by acting as a redox‐sensitive chaperone and protease. This
protein was differentially abundant in the sarcoplasmic proteome in relation to beef
color, with a greater abundance in color‐labile psoas major steaks compared to color‐
stable longissimus lumborum ones (Joseph et al., 2012). Chaperones play an important
role in preventing protein aggregation and protein denaturation occurring during muscle‐
to‐meat conversion (Sayd et al., 2006). Polyubiqutin‐C was more abundant in OSM21
(Table 11). Although, ubiquitin contributes to regulation of many cellular events, its major
function is to serve as a tag in the selective proteolysis of abnormal proteins by the 26S
proteasome (Ciechanover et al. 1980; Jennissen, 1995). Both polyubiqutin‐C and protein
deglycase DJ‐1 have been previously identified to be more abundant in 7‐day aged
semitendinosus compared to non‐aged semitendinosus (Chapter 2).
Three different protein spots identified as myoglobin were of greater abundance
in OSM21, which indicated that the abundance of myoglobin isoforms within the same
muscle varied during aging. However, biochemical analyses indicated no differences (P >
0.05) in myoglobin concentration between OSM0 and OSM21 (data not presented). The
myoglobin spots of interests in the gels had similar molecular mass, but with different
isoelectric point (pI), which is indicative of post‐translational modifications such as
phosphorylation (Anderson et al., 2014). Previous research also reported differential
abundance of myoglobin isoforms between color‐stable and color‐labile beef longissimus
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lumborum (Canto et al., 2015). These authors reported a greater abundance of a
myoglobin isoform in color‐labile steaks compared to color‐stable steaks, suggesting that
myoglobin post‐translational modifications may influence meat color. In spite of the
difference in the sarcoplasmic proteome profile, there were limited differences in the
color of OSM before and after 21‐day aging.

4.3.4. Effect of 21‐day aging on sarcoplasmic proteome profile of ISM
Sarcoplasmic proteome profiles of ISM0 vs ISM21 were compared to examine the
effect of 21‐day aging. There were only limited changes in the sarcoplasmic proteome of
ISM with 21‐day aging. The two protein spots identified as differentially abundant were
beta‐enolase and myoglobin (Table 12), and were of greater abundance in ISM0. Marino
et al. (2014) reported that the abundance of beta‐enolase decreased with aging in
longissimus lumborum of Italian beef cattle breeds. However, beta enolase was not
differentially abundant in OSM during aging (Table 11). Myoglobin was more abundant in
non‐aged ISM (ISM0) compared to aged ISM (ISM21). However, biochemical analyses
indicated no differences (P > 0.05) in myoglobin concentration between ISM0 and ISM21
(data not presented). In contrast, myoglobin isoforms were of greater abundance in
OSM21 (compared to OSM0; Table 11). Further, the ISM0 steaks demonstrated greater
redness (P = 0.0031) compared to ISM21, whereas the OSM0 and OSM21 steaks had
similar redness. This reverse trend in ISM compared to OSM suggested that post‐
translational modifications of myoglobin could possibly be muscle‐specific. The exact role
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of the myoglobin post‐translational modifications in meat color is yet to be understood
and needs further investigation.

4.4. Conclusions
The color attributes and the sarcoplasmic proteome profile of beef ISM and OSM
were affected by postmortem aging. Overall, the steaks aged for 21‐days had lower color
stability compared to other aging days. Nonetheless, the difference in lightness of ISM
and OSM steaks was not negated by aging for 21 days. The influence of 21‐days aging on
sarcoplasmic proteome was observed at a greater extent in OSM than in ISM.
Furthermore, after 21‐days of aging, OSM had greater abundance of proteins and
enzymes associated with glycolysis and energy metabolism compared to ISM, indicating
that glycolytic and metabolic enzymes play a critical role in intramuscular variation in beef
color attributes.
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Table 4.1: Effect of aginga on surface lightness (L* value) of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8)
during refrigerated storage (2 °C) for 6 days under aerobic packaging (SEM = 1.0384)
Aging (A)
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0 day

ISM
OSM

Storage days (S)
0
3
47.65
47.25
39.10
41.80

7 day

ISM
OSM

50.55
42.08

48.76
41.67

48.15
41.58

14 day

ISM
OSM

51.54
42.99

49.28
43.07

47.19
40.65

ISM
52.00
OSM
44.06
a
Wet‐aging in vacuum packaging at 2°C.

49.59
43.90

48.76
40.78

21 day

Muscle (M)

P values
6
47.28
41.02

A
M
S
AxM
AxS
MxS
AxMxS

0.0037
0.0002
< 0.0001
0.9695
< 0.0001
0.0005
0.6092

Table 4.2: Effect of aginga on surface redness (a* value) of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8) during
refrigerated storage (2 °C) for 6 days under aerobic packaging (SEM = 1.003)
Aging (A)
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0 day

ISM
OSM

Storage days (S)
0
3
32.75
26.46
29.13
26.75

7 day

ISM
OSM

32.46
32.31

25.74
30.31

20.62
24.50

14 day

ISM
OSM

32.68
32.94

25.39
28.53

21.22
24.52

ISM
31.34
OSM
32.08
a
Wet‐aging in vacuum packaging at 2°C.

25.08
28.85

19.50
21.93

21 day

Muscle (M)

P values
6
23.19
25.17

A
M
S
AxM
AxS
MxS
AxMxS

0.0762
0.0838
< 0.0001
0.0076
0.0005
< 0.0001
0.5259

Table 4.3: Effect of aginga on surface yellowness (b* value) of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8)
during refrigerated storage (2 °C) for 6 days under aerobic packaging (SEM = .6699)
Aging (A)
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0 day

ISM
OSM

Storage days (S)
0
3
25.92
22.14
21.21
20.62

7 day

ISM
OSM

25.71
24.43

22.20
23.46

19.82
19.73

14 day

ISM
OSM

25.78
25.20

21.80
21.73

19.95
19.93

ISM
25.10
OSM
24.51
a
Wet‐aging in vacuum packaging at 2°C.

21.45
22.47

19.05
18.66

21 day

Muscle (M)

P values
6
20.35
19.63

A
M
S
AxM
AxS
MxS
AxMxS

0.0852
0.1474
< 0.0001
0.0131
0.0092
0.0006
0.1153

Table 4.4: Effect of aginga on hue angle of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8) during refrigerated
storage (2 °C) for 6 days under aerobic packaging (SEM = 0.7561)
Aging (A)
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0 day

ISM
OSM

Storage days (S)
0
3
38.20
39.96
36.01
37.73

7 day

ISM
OSM

38.40
37.02

40.96
37.75

44.09
39.17

14 day

ISM
OSM

38.30
37.40

40.92
37.30

43.30
39.25

ISM
38.70
OSM
37.39
a
Wet‐aging in vacuum packaging at 2°C.

40.67
37.94

44.30
40.68

21 day

Muscle (M)

P values
6
41.29
38.00

A
M
S
AxM
AxS
MxS
AxMxS

0.0024
0.0010
< 0.0001
0.8009
0.0842
< 0.0001
0.6021

Table 4.5: Effect of aginga on chroma of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8) during refrigerated
storage (2 °C) for 6 days under aerobic packaging (SEM = 1.136)
Aging (A)
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0 day

ISM
OSM

Storage days (S)
0
3
41.78
34.51
36.04
33.79

7 day

ISM
OSM

41.41
40.51

34.03
38.33

28.66
31.48

14 day

ISM
OSM

41.63
41.48

33.50
35.86

29.20
31.62

ISM
40.16
OSM
40.38
a
Wet‐aging in vacuum packaging at 2°C.

33.02
36.57

27.28
28.84

21 day

Muscle (M)

P values
6
30.86
31.92

A
M
S
AxM
AxS
MxS
AxMxS

0.0923
0.3448
< 0.0001
0.0067
0.0011
<0.0001
0.3053

Table 4.6: Effect of aginga on color stability (R630/580) of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8) during
refrigerated storage (2 °C) for 6 days under aerobic packaging (SEM = 0.3053)
Aging (A)
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0 day

ISM
OSM

Storage days (S)
0
3
5.43
3.38
5.71
4.00

7 day

ISM
OSM

5.39
5.91

3.20
5.03

2.27
3.35

14 day

ISM
OSM

4.98
6.16

3.27
4.40

2.73
3.22

3.06
4.40

2.11
2.88

21 day

Muscle (M)

ISM
4.44
OSM
5.73
a
Wet‐aging in vacuum packaging at 2°C.

P values
6
2.65
3.47

A
M
S
AxM
AxS
MxS
AxMxS

0.050
0.0123
< 0.0001
0.2569
0.2067
0.0548
0.0580

Table 4.7: Effect of aginga on metmyoglobin reducing activity (MRA) of beef inside (ISM) and outside semimembranosus (OSM) steaks
(n = 8) during refrigerated storage (2 °C) for 6 days under aerobic packaging (SEM = 6.1920)
Aging (A)
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0 day

ISM
OSM

Storage days (S)
0
3
39.76
20.22
68.23
46.03

7 day

ISM
OSM

28.13
59.12

9.57
50.75

20.53
30.34

14 day

ISM
OSM

23.75
60.16

10.51
38.15

33.55
41.51

ISM
22.10
OSM
59.84
a
Wet‐aging in vacuum packaging at 2°C.

11.63
43.30

25.97
40.32

21 day

Muscle (M)

P values
6
19.25
43.99

A
M
S
AxM
AxS
MxS
AxMxS

0.2630
0.0001
< 0.0001
0.9486
0.2081
0.0021
0.5521

Table 4.8: Effect of aginga on pH of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8) during refrigerated storage
(2 °C) for 6 days under aerobic packaging (SEM = 0.04135)
Aging (A)

Muscle (M)
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0 day

ISM
OSM

Storage days (S)
0
3
5.29
5.30
5.26
5.26

7 day

ISM
OSM

5.27
5.24

5.26
5.28

5.24
5.23

14 day

ISM
OSM

5.26
5.24

5.26
5.27

5.35
5.30

5.29
5.31

5.41
5.43

ISM
5.23
OSM
5.25
a
Wet‐aging in vacuum packaging at 2°C.
21 day

P values
6
5.32
5.32

A
M
S
AxM
AxS
MxS
AxMxS

0.0021
0.5368
<0.0001
0.5410
<0.0001
0.8162
0.9346

Table 4.9: Effect of aginga on lipid oxidation (TBARS value) of beef inside (ISM) and outside semimembranosus (OSM) steaks (n = 8)
during refrigerated storage (2 °C) for 6 days under aerobic packaging (SEM = 0.0225)
Aging (A)
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0 day

ISM
OSM

Storage days (S)
0
3
0.015
0.041
0.014
0.032

7 day

ISM
OSM

0.020
0.017

0.089
0.096

0.130
0.171

14 day

ISM
OSM

0.034
0.031

0.118
0.098

0.203
0.186

ISM
0.035
OSM
0.032
a
Wet‐aging in vacuum packaging at 2°C.

0.100
0.089

0.125
0.126

21 day

Muscle (M)

P values
6
0.059
0.075

A
M
S
AxM
AxS
MxS
AxMxS

<0.0001
0.9832
<0.0001
0.7556
0.0005
0.5180
0.9427

Table 4.10: Differentially expressed sarcoplasmic proteins in beef inside (ISM) and outside semimembranosus (OSM) steaks (n= 8)
after aging for 21 days.
Protein
Triosephosphate isomerase
Triosephosphate isomerase
Beta‐enolase
Creatine kinase M‐type
Creatine kinase M‐type
Beta‐enolase

Accession
number
Q5E956
Q5E956
Q3ZC09
Q9XSC6
Q9XSC6
Q3ZC09

Score/matched
peptides
5679.71/30
5937.13/30
5035.90/60
5929.44/57
8923.87/60
3250.62/52

Sequence
coverage (%)
93.98
93.98
77.88
84.25
83.73
70.74

Over‐
abundant
OSM21
OSM21
OSM21
OSM21
OSM21
OSM21

Spot ratio
(OSM21/ISM21)
1.51
1.56
1.71
1.73
2.20
1.65

Function
Glycolytic enzyme
Glycolytic enzyme
Glycolytic enzyme
Energy metabolism
Energy metabolism
Glycolytic enzyme
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Table 4.11: Differentially expressed sarcoplasmic proteins in beef outside semimembranosus (OSM) steaks (n= 8) during aging (0 and
21) days.
Protein

152

Protein deglycase DJ‐1
Triosephosphate isomerase
Triosephosphate isomerase
Myoglobin
Protein deglycase DJ‐1
Creatine kinase M‐type

Accession
number
Q5E946
Q5E956
Q5E956
P02192
Q5E946
Q9XSC6

Score/matched
peptides
245.59/21
2366.47/25
3346.37/24
122.70/12
567.35/33
2370.29/51

Sequence
coverage (%)
72.49
93.98
81.93
63.64
97.35
66.40

Over‐
abundant
OSM21
OSM21
OSM21
OSM21
OSM21
OSM0

Spot ratio
(OSM0/OSM21)
0.54
0.61
0.55
0.43
0.55
1.90

Myoglobin
Creatine kinase M‐type

P02192
Q9XSC6

875.10/19
8567.76/70

78.57
87.14

OSM21
OSM0

0.66
2.03

Myoglobin
Polyubiquitin‐C

P02192
P0CH28

2941.16/26
266.54/14

99.35
93.91

OSM21
OSM21

0.50
0.39

Function
Chaperone
Glycolytic enzyme
Glycolytic enzyme
Oxygen transport
Chaperone
Energy
metabolism
Oxygen transport
Energy
metabolism
Oxygen transport
Ubiquitylation

Table 4.12: Differentially expressed sarcoplasmic proteins in beef inside semimembranosus (ISM) steaks (n= 8) during aging (0 and 21)
days.
Protein
Beta‐enolase
Myoglobin

Accession
number
Q3ZC09
P02192

Score/matched
peptides
6855.75/61
6636.18/30

Sequence
coverage (%)
85.94
99.35

Over‐
abundant
ISM0
ISM0

Spot ratio
(ISM0/ISM21)
3.47
1.58

Function
Glycolytic enzyme
Oxygen transport
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Figure 4.1: Two‐dimensional gel electrophoresis maps of sarcoplasmic proteome extracted from beef inside (ISM) and outside
semimembranosus (OSM) after 0 (OSM0, ISM0) and 21 (OSM21, ISM21) days of wet aging separated using an immobilized pH gradient
(IPG) 5 to 8 strip in the first dimension and 13.5% SDS gel in the second dimension.
pH 5

8

MW
(kDa)
100

154
10

OSM0

OSM21

ISM0

ISM21

CHAPTER 5

Intramuscular variation in mitochondrial functionality of beef semimembranosus

155

Abstract
Intramuscular color stability variations in beef semimembranosus have been
reported previously. Mitochondria remain biochemically active in postmortem muscle
and can influence fresh beef color. We examined the functionality of mitochondria
isolated from outside (OSM) and inside (ISM) regions of beef semimembranosus.
Semimembranosus muscles (n = 5) from beef inside rounds were separated to OSM and
ISM steaks. Color attributes were evaluated instrumentally and biochemically, whereas
mitochondrial oxygen consumption rate (OCR) was measured using succinate as
substrate. ISM steaks exhibited greater (P < 0.05) redness (a* value), lightness (L* value),
yellowness (b* value), and chroma than OSM steaks. However, OSM demonstrated
greater (P < 0.05) color‐stability and metmyoglobin reducing activity than ISM.
Mitochondrial OCR was greater (P < 0.05) in OSM than in ISM. The observed differences
in mitochondrial OCR between ISM and OSM steaks indicated that mitochondrial
biochemistry can possibly contribute to intramuscular color variations in beef
semimembranosus.

Keywords:

beef color; color stability; mitochondria; semimembranosus
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5.1. Introduction
Fresh meat color critically influences consumer purchase decisions, and the
annual revenue loss to the United States beef industry due to discoloration is estimated
to be more than $1 billion (Smith et al., 2000). Beef color and color stability are muscle‐
specific traits (McKenna et al., 2005; Von Seggern et al., 2005). Large beef muscles such
as semimembranosus (Sammel et al., 2002b) and biceps femoris (Pastsart et al., 2013)
exhibit intramuscular variations in color stability. Beef semimembranosus can be
separated into color‐stable outside (OSM) and color‐labile inside (ISM) regions based on
the location within the carcass. The variation in color has been partly attributed to
difference in temperature and pH decline during carcass chilling (Sammel et al., 2002b).
Further research indicated that differential abundance of sarcoplasmic proteome could
also result in rapid pH fall and compromise color stability of ISM (Nair et al., 2016).
Myoglobin is the sarcoplasmic heme protein responsible for meat color, and the
interactions between myoglobin and cellular components govern color biochemistry
(Suman and Joseph, 2013). Mitochondria remain biochemically active in postmortem
muscle and could influence the bloom development and color stability by competing with
myoglobin for available oxygen and by providing reducing equivalents for metmyoglobin
reduction (Ashmore et al., 1972; Tang et al., 2005a, 2005b). Further, Belskie et al. (2015)
reported muscle‐specificity in beef mitochondrial biochemistry, with color‐labile psoas
major demonstrating rapid decrease in mitochondrial oxygen consumption rate (OCR)
compared to color‐stable longissimus dorsi. However, intramuscular variation in
functionality of mitochondria and its relationship with color biochemistry are yet to be
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examined. Therefore, the objective of the present study was to examine the functionality
of mitochondria isolated from beef OSM and ISM.

5.2. Materials and Methods
5.2.1. Beef fabrication
Beef inside rounds (USDA Select grade; 48 h post‐mortem; IMPS # 168) from five
carcasses (n = 5) were obtained from a commercial packing plant. The vacuum‐packaged
cuts were transported on ice to the USDA‐inspected meat laboratory at University of
Kentucky. Semimembranosus muscle was separated and fabricated into 2.54‐cm ISM and
OSM steaks (n = 5). One steak each was vacuum packaged and frozen immediately at –
80°C for mitochondria isolation, whereas another steak was individually placed on
Styrofoam trays and aerobically overwrapped with oxygen‐permeable polyvinyl chloride
film (15,500 − 16,275 cm3/m2/24 h oxygen transmission rate at 23°C) to bloom for 2 h at
2°C. These steaks were utilized for evaluation of instrumental color and biochemical traits.

5.2.2. Instrumental color
CIE lightness (L*), redness (a*), yellowness (b*), hue, and chroma values were
measured at three random locations on the bloomed steak surfaces with a HunterLab
LabScan XE colorimeter (Hunter Associates Laboratory, Reston, VA, USA) using 2.54 cm
diameter aperture, illuminant A, and 10° standard observer (AMSA, 2012). The
instrument was calibrated with standard black and white plates. In addition, the ratio of
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reflectance at 630 nm and 580 nm (R630/580) was calculated as an indirect estimate of
surface color stability (AMSA, 2012).

5.2.3. Meat pH
The pH of steaks was determined according to the method of Strange et al. (1977)
with modifications. Duplicate 5 g samples were homogenized in 30 mL distilled deionized
water, and the pH was measured using an Accumet AR25 pH‐meter (Fisher Scientific,
Pittsburgh, PA, USA).

5.2.4. Lipid oxidation
Lipid oxidation was analyzed employing thiobarbituric acid assay (Yin et al., 1993).
Briefly, 5 g representative samples, taken from multiple locations, were mixed with 11%
trichloroacetic acid, homogenized in a blender, and filtered using Whatman No. 1 filter
paper. One mL of filtrate was mixed with 1 mL of aqueous thiobarbituric acid (20 mM)
and incubated at 25°C for 20 h. The absorbance of samples at 532 nm measured
spectrophotometrically (UV‐2401 spectrophotometer, Shimadzu Inc., Columbia, MD,
USA) were reported as thiobarbituric acid reactive substances (TBARS).

5.2.5. Metmyoglobin reducing activity (MRA)
MRA was evaluated according to the method described by Sammel et al. (2002a).
Cubes (2.5 x 2.5 x 2.5 cm3) of meat were removed from the light‐exposed surfaces and
submerged in a solution of 0.3% sodium nitrite for 20 min at room temperature to induce
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metmyoglobin formation. Samples were blotted dry, vacuum packaged, and the
reflectance spectra from 700 to 400 nm were recorded immediately on the light‐exposed
surface using a HunterLab LabScan XE colorimeter. The vacuum‐packaged samples were
then incubated at 30°C for 2 h to induce reduction of metmyoglobin, and the reflectance
data were taken again. Percentage of surface metmyoglobin (pre‐incubation as well as
post‐incubation) was calculated based on K/S ratios and according to established
formulas (AMSA, 2012). MRA was calculated using the following equation.
MRA = 100 x [(% pre‐incubation surface metmyoglobin – % post‐incubation
surface metmyoglobin)/ % pre‐incubation surface metmyoglobin].

5.2.6. Mitochondrial isolation
Mitochondria were isolated from OSM and ISM according to Lanari and Cassens
(1991), with minor modifications. Finely minced meat (35 g) was suspended in 70 mL
mitochondria suspension buffer (250mM Sucrose, 10 mM HEPES, pH 7.2). The suspension
was stirred slowly and hydrolyzed with trypsin (1 mg/g of tissue) for 15 min. After
proteolytic digestion, the suspension was diluted to 350 mL with mitochondria isolation
buffer (67 mM sucrose, 50 mM Tris‐HCl, 50 mM KCl, 10 mM EDTA, and 0.2% BSA, pH 7.2)
and homogenized using a Kontes Duall grinder (Vineland, NJ) followed by a Wheaton
Potter‐Elvehjem grinder (Millville, NJ). The homogenate was centrifuged at 900 x g for 15
min with a Sorvall refrigerated RC‐5C plus centrifuge (Thermo Fisher Scientific, Newtown,
CT), and the resulting supernatant was again centrifuged at 14000 x g for 15 min.
Mitochondrial pellets obtained were washed twice and suspended in mitochondria
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suspension buffer. All steps were performed at 0 – 4°C. Mitochondrial protein content
was determined using a bicinchoninic acid protein assay.

5.2.7. Oxygen consumption rate (OCR)
Mitochondrial oxygen consumption rate (OCR) was measured using a Clark
electrode attached to a Rank Brothers digital model 20 oxygen controller (Cambridge,
England). Oxygen consumption was recorded over time at by suspending mitochondria (2
mg/mL) in incubation buffer (250 mM sucrose, 5 mM KH2PO4, 5 mM MgCl2, 0.1 mM EDTA,
0.1% BSA, and 20 mM maleic acid) in the Clark oxygen electrode with the addition of
succinate (40 mM) at pH 5.6 and 25°C. The chamber was stirred with a 10 mm magnetic
bar at 600 rpm. Following the addition of substrate, oxygen consumption per mg of
mitochondria from each muscle was calculated based on the method of Estabrook (1967).

5.2.8. Statistical analysis
The experimental design was a randomized complete block design, where each
carcass (n = 5) served as a block. Data were analyzed using the Mixed Procedure of SAS,
and least square means for protected F‐tests (P < 0.05) were separated by using least
significant differences and were considered significant at P < 0.05.

5.3. Results and Discussion
The results of instrumental color and biochemical attributes are presented in
Table 1. ISM exhibited greater (P < 0.05) redness (a* value) than OSM after 2 h of
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blooming. Our results are in agreement with previous studies which also reported greater
a* values for ISM than OSM on day 0 of display (Sammel et al., 2002b, Nair et al., 2016).
Furthermore, the greater (P < 0.05) lightness (L* value), yellowness (b* value), and
chroma (saturation index) we observed in ISM than in OSM are also in agreement with
the previous reports (Sammel et al., 2002b, Nair et al., 2016). In the present study, hue
angle (trueness of red) was similar (P > 0.05) between ISM and OSM, as documented in
earlier studies (Sammel et al., 2002b, Nair et al., 2016). The OSM steaks in the current
study demonstrated greater (P < 0.05) color stability (R630/580) and MRA than their ISM
counterparts, which indicated that OSM is color‐stable muscle whereas ISM is color‐labile.
In support, Sammel et al. (2002a) and Nair et al. (2016) also reported a similar trend with
color stability and MRA in ISM and OSM. In partial agreement, Pastsart et al. (2013)
reported intramuscular variation in color stability of biceps femoris from double‐muscled
Belgian Blue cattle. Our results on color parameters reconfirm the intramuscular variation
in color and color stability of beef semimembranosus. Lipid oxidation and pH were similar
(P > 0.05) for ISM and OSM and is in agreement with that of Nair et al. (2016). In contrast,
Sammel et al. (2002a) reported greater pH for ISM compared to OSM steaks.
Mitochondrial OCR, indicative of mitochondrial functionality, was lower (P < 0.05)
in ISM than OSM. In support, Sammel et al. (2002a) reported lower oxygen consumption
in ISM when measured directly from muscle samples and suggested that the lower oxygen
consumption of ISM allowed more oxygen penetration into the muscle resulting in
improved bloom and uniform color. Mitochondrial functionality and myoglobin chemistry
are interrelated (Wittenberg and Wittenberg, 2007). Active mitochondria could out‐
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compete myoglobin for the available oxygen leading to low oxygen available for
formation of cherry‐red oxymyoglobin (bloom development). The lower mitochondrial
OCR in ISM could facilitate greater oxygen availability for myoglobin oxygenation resulting
in greater blooming and redness in ISM, as observed in the present study.
Active mitochondria can also provide reducing equivalents for metmyoglobin
reduction, a process critical in maintaining color stability during retail display (Tang et al.,
2005a; Arihara et al., 1995) Moreover, mitochondria can regenerate NADH, which can be
utilized for metmyoglobin reduction through electron transport‐mediated and enzymatic
pathways (Belskie et al., 2015). OSM, which demonstrated greater (P < 0.05)
mitochondrial OCR than ISM, had greater color stability (R630/580) and MRA.
Furthermore, Belskie et al. (2015) reported that mitochondria from color‐stable
longissimus dorsi steaks demonstrated greater activity than those from color‐labile psoas
major on days 5 and 7 of display resulting in improved color stability for longissimus dorsi
steaks. These results, along with the observations in the present study, highlight the
critical role of mitochondrial functionality in beef color.

5.4. Conclusions
The results of the present study indicated the existence of intramuscular variation
in mitochondrial functionality in beef semimembranosus. ISM exhibited lower
mitochondrial OCR and greater initial redness, whereas OSM demonstrated greater
mitochondrial OCR and color stability. These results suggested that the variations in
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mitochondrial biochemistry (between ISM and OSM) could be partially responsible for the
intramuscular color variations in beef semimembranosus.

Acknowledgements
This work is supported by the National Institute of Food and Agriculture, U.S.
Department of Agriculture, Hatch‐Multistate Project 1008755.

164

Table 5.1: Instrumental color, biochemical attributes, and mitochondrial oxygen
consumption rate (OCR) of beef inside (ISM) and outside semimembranosus (OSM)
steaks (n = 5) 48 h post‐mortem

Attribute

Semimembranosus Muscle Region
ISM
OSM

L* value

49.51 ± 1.36 a

39.81 ± 1.41 b

a* value

35.74 ± 0.34 a

33.10 ± 0.37 b

b* value

27.75 ± 0.37 a

24.94 ± 0.50 b

Hue
Chroma
R630/580

37.82 ± 0.14 a
45.25 ± 0.49 a
5.87 ± 0.24 b

pH

5.38 ± 0.01 a

36.99 ± 0.35 a
41.45 ± 0.57 b
6.88 ± 0.36 a
5.36 ± 0.01 a

TBARS

0.014 ± 0.001 a

0.015 ± 0.001 a

MRA

27.17 ± 1.86 b

62.61 ± 1.55 a

Mitochondrial OCRΨ

16.89 ± 2.13 b

41.18 ± 8.22 a

a–b
Ψ

Means with different superscripts are different (P < 0.05)
OCR measured as nanomoles of oxygen consumed per mg mitochondria per minute
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SUMMARY
Fresh beef color is the most important criteria influencing the consumer purchase
decisions and has a significant economic impact on the beef industry. Muscle‐specificity
in beef color has been known for decades. The intrinsic difference in the biochemical
profile plays a critical role in the muscle‐specific color stability during postmortem
storage. Pervious research has indicated that the muscle‐specific variations in
sarcoplasmic proteome influence beef color. Postmortem aging is a common practice
employed by beef industry for improving beef tenderness and palatability. However, the
color attributes and sarcoplasmic proteome of beef muscles undergo changes during
aging. Therefore, the overall objective of this dissertation research was to characterize
the proteome basis of intermuscular and intramuscular differences in color stability of
economically important beef muscles during postmortem aging.
The first experiment examined the variations in color and sarcoplasmic proteome
profile of three differentially color stable and economically important muscles, namely
longissimus lumborum (LL), psoas major (PM), and semitendinosus(ST), in beef
hindquarters during postmortem wet‐aging. The results indicated that instrumental color
attributes and biochemical parameters during storage were influenced by muscle source
and aging. LL and ST had greater surface redness than PM, whereas the color stability
followed the order: LL > ST > PM. Aging also influenced surface redness, with 7‐day aged
steaks demonstrating the greatest values. Sarcoplasmic proteome profile was influenced
by aging in a muscle‐specific manner, and the differentially abundant proteins included
glycolytic enzymes, proteins associated with energy metabolism, antioxidant proteins,
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chaperones, and transport proteins. In general, the glycolytic enzymes were more
abundant in color‐stable LL and ST compared to color‐labile PM. These results indicated
that the aging‐induced changes in the sarcoplasmic proteome profile and color traits were
muscle‐specific.
The second experiment examined the differences in sarcoplasmic protein profile
between the inside (ISM) and the outside (OSM) regions of beef semimembranosus, two
regions that exhibits intramuscular variations in color. Proteome analysis indicated that
the color‐labile ISM steaks had greater abundance of glycolytic enzymes than their color‐
stable OSM counterparts. Possible rapid post‐mortem glycolysis in ISM, insinuated by
overabundance of glycolytic enzymes, could lead to rapid pH decline during early post‐
mortem period. The combination of high‐temperature and low pH conditions in ISM can
lead to PSE‐like conditions and compromise its color stability.
Further, the variations in color and proteome of ISM and OSM during aging were
examined in the third experiment. The results indicated that the color attributes of ISM
and OSM steaks were influenced by aging, with steaks aged for 21‐days having lower color
stability compared to other aging days. However, the difference in surface lightness of
ISM and OSM steaks was not negated by postmortem aging for 21‐days. The sarcoplasmic
proteome analysis identified greater abundance of proteins associated with glycolysis and
energy metabolism in OSM than ISM after 21‐day aging. The influence of 21‐day aging on
sarcoplasmic proteome was observed at a greater extent in OSM than in ISM,
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Mitochondria remain biochemically active in postmortem skeletal muscles and
can influence the bloom development and color stability of fresh beef in a muscle‐specific
manner. However, intramuscular variations in mitochondrial functionality has not been
examined yet, and the fourth experiment investigated the intramuscular variation in
mitochondrial functionality of beef semimembranosus. The results indicated that the
mitochondrial oxygen consumption rate was greater in color‐stable OSM compared to
color‐labile ISM. The variations in mitochondrial biochemistry between ISM and OSM
could be contributing to the intramuscular color variations in beef semimembranosus.
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